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AIRCRAFT WOODS: THEIR PROPERTIES, SELECTION, AND CHARACTERISTICS 

By L. J. Mabkvabdt 1 



SUMMARY 

Wood has been one of the pioneer materials in air- 
craft construction. Its salient qualities — a high ratio 
of strength to weight; lightness, affording readily the 
size of member required to resist twisting and lateral 
buckling; ease of manufacture; facility of repair with- 
out specialized equipment and without highly skilled 
labor; and adaptability to small-scale production — 
have always permitted it to serve usefully. Although 
a lack of uniformity in the quality of wood is perhaps the 
most important factor now militating against its con- 
tinued use in present-day quantity production, the 
existing detailed knowledge of the properties and the 
causes of variation in them, determined at the Forest 
Products Laboratory and submitted to the National 
Advisory Committee for Aeronautics for publication, 
makes it possible to select aircraft material with assurance 
and places design on a reliable basis. 

Strength values of various woods for aircraft design 
for a 15 per cent moisture condition of material and a 
S-second duration of stress are presented, and also a 
discussion of the various factors affecting the values. The 
toughness-test method of selecting wood is discussed, and 
a table of acceptance values for several species is given. 

This report presents, further, information on the prop- 
erties of various other native species of wood compared 
with spruce, and discusses the characteristics of a con- 
siderable number of thejn from the standpoint of their 
possible application in aircraft manufacture to supple- 
ment the woods that are now most commonly used. 

INTRODUCTION 

Engineering structures are commonly designed, with 
the use of safe working stresses. The method is 
simple, makes for safety, and gives satisfactory 
results when the members are subject to simple 
tension, compression, or bending. "With aircraft, on 
the other hand, the elements of torsion, compression, 
and bending are often combined in the same member. 

t Senior Engineer, Forest Prodncts Laboratory, Forest Service, U. S. Department 
of Agrlcnlture. Maintained at Madison, Wis., in cooperation with the University 
of Wisconsin. 



This makes it desirable to design on ultimate stresses 
since in combined loading the stress is not proportional 
to the load. 

Briefly, the usual procedure in aircraft design is 
first to determine the load for horizontal flight con- 
ditions, and then to estimate the maximum probable 
lo ad in terms of the load for horizontal flight conditions. 
A factor of safety (usually 2 in the United States) is 
then applied to the maximum probable load, thus 
arriving at the design load. For example, if five times 
the load for horizontal flight conditions were decided 
on as the maximum probable load, and if the factor of 
safety is 2, the load factor would be 10. The designer 
keeps the stresses for the maximum probable load 
within the elastic limit of the material. Hence the 
factor of safety provides some reserve strength to take 
care of occasional overstressing, slight fluctuations in 
the quality of the material and workmanship, and error 
in the estimate of loads. 

STRENGTH VALUES FOR AIRCRAFT DESIGN 

Table I presents strength data on various woods for 
use in aircraft design. The values are based on a 
moisture content of 15 per cent and a duration of stress 
of three seconds. The Tninirrmm acceptable and the 
average specific gravities are included, as well as the 
weight per cubic foot of material at 15 per cent mois- 
ture content. These design values have been adopted 
by the United States Army Air Service, the Bureau of 
Aeronautics of the United States Navy Department, 
and the United States Department of Commerce. The 
stress values listed apply only to material that meets 
the minimum requirements for specific gravity and the 
limitation of defects; these requirements will be set 
forth later. 

The design values of Table I, for native species, are 
a result of a comprehensive series of standard tests 
made at the Forest Products Laboratory; so far 164 
native species have been included. The identification 
of species, the method of sampling, and the testing 
methods followed very closely the standard procedure 
of the American Standards Association and the Ameri- 
can Society for Testing Materials. (References 1 and 8 J 
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TABLE I. — Strength values of various woods, based on 15 per cent moisture content, for use in aircraft design 



Species of wood; common and botanical 
names 



HARDWOODS (BSOAD-LEAVED SPECIES) 



Ash, black (Fraxlnus nigra) 

Ash, commercial white (Fraxlnus spp.) ». 

Basswood (Tllla glabra) 

Beech (Fagus grandlfolia) 

Btroh (Betula spp.)' 

Cherry, black (Pranus serotlna) 

CottonwoodfPopulus deltoldes) 

Elm, rook (Ulmns racemosa) 

Qum, red (Llquldambar styractQaa) 

Hickory (true fllckorlesHHlcorla spp.) ».. 
Mahogany, "African" (Kbaya sppj 



Mahogany, true (Swletenla spp.) • .. 

Maple, sugar (Acer saccharum) 

Oak, commercial white and red u (Querous 

spp.) 

Poplar, yellow (Llrlodendron tullpifera) 

Walnut, black (Joglans nigra).. 



SOFIWOODS (CONITEHS) 



Cedar, incense (Liboosdrns decurrens) 

Cedar, northern white (Thuja ccddentalls) . . 
Cedar, Port Orford (Ohamaecyparls Iawsonl- 

Cedar," western red (Thuja pllcata) 

Cypress, southern (Taxodium dlstichum) .... 

Douglas fir (Fseadotsuga taxlfolta) 

Pine, northern white (PInus strobus) 

Pine, Norway (Finns resinosa) 

Pine, sugar (Finns larobertisna)_ 

Pine, western white (PInus montloola) 

Bpruce (PIcea spp.)" 



Specific gravity ! 
based on vol- 
ume and weight 
when oven dry 



Aver- 
age 



a ss 

.62 
.40 



.53 
.4! 

.se 
.ss 

.79 
.47 
.81 

.87 



.43 
.56 



.36 
.32 

.44 
.64 

.48 
.61 
.38 
.61 

.as 

.42 

.40 



Mini- 
mum 
per- 
mitted 



Weight 
at 16 
per 
cent 
mois- 
ture 

Content 



0.48 

:fi 

.60 
.68 
.48 



.62 



Lit. 
percu. 

*36 
41 
26 
44 
44 
38 
29 
46 
34 
61 
33 
34 
44 

46 

23 
39 



Shrinkage from 
green to oven- 
dry condition 
based on dimen- 
sions when 
green 



Radial 



Per cent 
6.0 
4.3 
6.6 
4.8 
7.0 
8.7 
9.9 
4.8 
6.2 

Ti' 

3.4 
4.8 

4.8 
4.0 
6.2 



8.3 
2.1 

4.8 
2.6 
3.9 
6.0 
2,2 
4.6 
19 
4.1 
4.1 



Lb*. 

Per cent', in. 
7.8 



Tan- 
gential 



Static bending 



Fiber 
stress 
at elas- 
tic 
limit i 



6.9 

9.3 
ML 6 
8.6 
7.1 
9.2 
8.1 
9.0 

~sT 

4.7 
0.2 

9.0 
7.1 
7.1 



6.7 
4.9 

6.9 

64 
6.1 
7.8 
6.0 
7.2 
5.6 
7.4 
7.4 



6,400 
8,900 
6,600 
8,200 
9,600 
8,600 
6,600 
7,900 
7,600 
10,600 
7,900 
8,800 
9,600 

7,800 
6,000 
10,200 



6,000 
4,700 

7,400 
6.100 
7,100 
8,000 
6,900 
8,600 
6,600 
6,000 
6,200 



Modu- 
lus of 
rup- 
ture i 



Lbs. 
peris. 

in . 
11,800 
14,800 

8,600 
14,200 
16,600 
12,600 

8,600 
16,000 
11,600 
19,300 
10,800 
11,600 
18,000 

13,800 
9,100 
16,100 



8,700 
6,600 

11,000 
7,800 

10,500 

11,500 
8,700 

11,900 
8,000 
9,300 
9,400 



Compression 
parallel to grain 



Modulus 
of elastic- 
ity 



Work to 
maximum 
load 



1,000 
lit. po- 
tt. In. 
1,340 
1,460 
1,260 
1,440 
1,780 
1,330 
1,190 
1,340 
1,290 
1,800 
1,280 
1,260 
1,600 

1,490 
1,300 
1,490 



1,020 
700 

1,620 
1,030 
1,270 
1,700 
1,140 
1,660 
1,040 
1,310 
1,300 



Fiber Msri " 
atress ' mum 
atrial* ^P 11 - 



Inei-lbt. 
perm. in. 
14.3 
14.2 
6.6 
13.6 
18.2 
1L7 
7.4 
19.3 
10.9 
27.6 
8.0 
7.8 
18.7 

13.6 
8.6 
11.4 



6.6 
4/9 

8.7 
6.8 
7.7 
8.1 
6.1 
8,9 
8.4 
7.9 
7.8 



Com- 
pression 
perpen- 
dicular 

to 
grain < 



Lb: 
per ij. 
in. 

4,050 
6,260 
8,870 
4,880 
6,480 
6,100 
3,620 
6,180 
4,060 
6,620 
4,280 
4,880 
6,820 

4,950 
8,760 
6,700 



4.320 
3,040 

4,880 
4,000 
4,960 
6,600 
1,840 
6,280 
8,680 
4,240 
4,000 



Lb*, 
per n. 
in. 
6,400 
7,000 
4,600 
6,600 
7,300 
6,800 
4,700 
6,900 
6,400 
8,700 
6,700 
6,600 
7,800 

6,600 
6,000 
7,600 



8,400 
8,800 

6,100 
6,000 
6,200 
7,000 
4,800 
6,600 
4,600 
6,300 
6,000 



Shear- 
ing 
.strength 
paral- 
lel to 
grain! 



Hardness, 
side; load 
required 
to Imbed 
0.444-Inch 
ball to 
one-half 
Its dia- 
meter 



Lot. 
per tq. 
in. 
1,280 
2,260 

620 
1,670 
1,890 
1, 170 

660 
2,090 
1,190 
3,100 
1,400 
1,760 
2,170 

1,870 
810 
1,730 



900 

560 

1,030 

800 j 
1,230 
1,300 ; 



780 



1,0 



810 
760 
840 



Lb*, 
per «. 
fn. 
1,060 
1,380 

720 
1,300 
1,300 
1,180 

680 
1,360 
1,100 
1,410 

980 

800 
1,620 

1,300 
800 
1,000 



660 
610 

760 
630 
720 
810 
640 

730 



Lb*. 

700 
1,180 

370 
1,060 
1, 100 

900 

410 
1,230 

650 



1,270 

1,240 
420 
990 



4S0 

300 

690 
320 
480 
620 
3S0 
620 
370 
300 
410 



' The average values for fiber stress at elastic limit and modulusotraptare In static bending, and fiber stress at elastic limit and maximum crushing strength Incompresslon 
parallel to grain have been multiplied by two factors to obtain values for use In design. A statement of these factors and of thB reasons for their use follows: It was thought 
best. In fixing upon strength values for use In design, to allow for the variability of wood and the fact that a greater number of values are below the average than abova It, 
and the most probable value (as represented by the mode of the frequency curve) was accordingly decided upon as the basis for design figures. From a study of the ratios 
of most probable to average values for three species (Sitka spruce, Douglas fir, and white ash), 0.94 was adopted as the best value of this ratio for general application to the 
properties in question. The stress that wooden members can carry depends on Its duration. A factor of 1.17 has been applied to test results to get values of the stress that 
can be sustained for a period of 8 seconds, it being assumed that the maximum load win not be maintained for a longer period. 

> The values given are 92 per cent of the average apparent modulus of elasticity (&,) as obtained by substituting results from tests of 2 by 9 Inch beams on a 28-Inch 
span with load at the center In the formula £7 C = Pty48 oX The use of these values of E, in the usual formulas wiH give the deflection of beams of ordinary length with but 
small error. For exactness In the computation of deflections of I and box beam3, particularly for snort spans, the formula that takes into account shear deformations (sc« 
National Advisory Committee tor Aeronautics Report No. 180, Deflection of Beams with Special Reference to Shear Deformations) should be used. This formula In- 
volves Et, the true modulus of elasticity In bending, and F, the modulus of rigidity in shear. Values of E t may be obtained by adding 10 per cent to the values of E. as 
given in the table. If the I or box beam has the grain of the web parallel to the axis of the beam, or parallel and perpendicular thereto, as In some plywood webs, tha 
value of F may be taken as J-VI6 or &/14.5. If the web Is of plywood with the grain at 45° to the axis of the beam F may be taken as Etft or E./4.3. 

> Design values for fiber stiess at elastic limit In compression parallel to gram were obtained hy multiplying the values of maximum crushing strength as given In the 
next column by factors as follows: 0.76 for hardwoods: 0.80 for conifers. Values as given are to the nearest 10 pounds. 

1 Wood does not exhibit a definite ultimate strength In compression perpendicular to grain, particularly when the load Is applied over only a part of the surface, as It Is at 
fittings. Beyond the elaitlellmlt the load continues to Increase slowly until the deformation ancLorusbing become so severe as to seriously damage the wood In other prop- 
erties. Figures in this column were obtained by applying a duration of stress factor of 1.17 (see note I) to the average elastic limit stress and then adding 3SH per cent to get 
design values comparable to those for bending, compression parallel to grain, and shear as listed in the table. 

• Values In this column are for use In computing resistance of beams to longitudinal shear. They are obtained by multiplying average values by 0.78. This factor Is used 
because of the varlablflfty in strength and fn order that failure by shear may be less probable than failure from other causes. Furthermore, tests have shown that because 
of the favorable influence upon the distribution of stresses resulting from limiting shearing deformations the maximum strength-weight ratio and minimum variability In 
strength are attained when I and box beams are so proportioned that the ultimate shearing strength is not developed and failure by shear doss not occur. 

• Includes white ash (F. amertoana), green ash (F. pennsylvanlca lanceolate), and blue ash (F. Qiiadrangulata). 
' Includes sweet birch (B. Ienta) ana yellow birch (B. lutea). 

• Includes biglaaf shagbark hickory (H. laclntosa), mockernut hickory (H. alba), pignut hickory (H. glabra), and shagbark hickory (H. ovata). 

• Includes material from Central America and Cuba, 

<• Includes white oak (Q. alba), bur oak (Q. macrocarpa), swamp chestnut oak (Q. prlnus). post oak (Q. stellate), red oak (Q. borealls), southern red oak (Q. rubra) 

"*~r oak (Q. phellos), and yellow oak (Q. velutlna). 



i' Includes white oak (Q. alba), bur oak (Q. macrocarpa), swamp chestnut oak (Q. ; 
laurel oak (Q. laurifolla), water oak (Q. nigra), swamp red oak (Q. pagadsefolta), wQlow 
" Inoludes red spruce (P. rubra), white spruce (P. glauca), and Bltka spruce (P. sltcl 



sltchensls), 



OTHER PROPERTIES NEEDED IN AIRCRAFT DESIGN 

Not all of the data obtained from standard tests on 
each species are of importance in aircraft design, so 
that only the pertinent results of the work of the 
Forest Products Laboratory have been included in 
Table I. On the other hand, data are lacking on 
certain properties that might otherwise be expected 
in the table. A brief discussion of the omitted proper- 
ties follows: 

TENSILE STRESS 

In general, the tensile strength of wood along the 
grain is little needed in the design of wood parts and, 
consequently, very little information on this property 



is available. Furthermore, experience has demon- 
strated that it is difficult, if not impossible, to get 
reliable data on tension along the grain. The tests 
that have been made show that the tensile strength, 
when not affected by other factors, considerably 
exceeds the modulus of rupture. Hence, the values 
for modulus of rupture may safely be used when ten- 
sion parallel to grain figures are necessary. 

TORSIONAL PROPERTIES 

The torsional strength of wood has been studied but 
little, excepting Sitka spruce. The available results, 
however, indicate that, in designing for shearing 
stiess at maximum torsional load, values one-third 
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greater than the figures of Table I for shearing strength 
parallel to grain, which apply to horizontal shear in 
beams, may be used. For example, 1,000 pounds per 
square inch may be used as the torsional shearing 
stress for spruce instead of the 750 pounds per square 
inch given in the table under the column heading 
"Shearing strength parallel to grain." For a 3-second 
duration of stress, the fiber stress at elastic limit in 
torsion may be taken for any species as 
two-thirds of the shearing stress at maxi- 
mum torsional load. 

The mean modulus of rigidity of spruce 
is equal to the modulus of elasticity along 
the grain divided by 15.5, or 84,000 pounds 
per square inch. The ratios between these 
two moduli have not been definitely ob- 
tained for other species, but scattered tests 
show a range of values between 14 and 
18. Until more definite information is 
available, the Forest Products Laboratory 
recommends that a ratio slightly higher 
than that for spruce be used for other 
species. A ratio of 17 appears conserva- 
tive for the purpose. 



these factors on the properties and the methods of 
adjustment employed. 



MOISTURE CONTEXT 



The table of stress values is based on a 15 per cent 
moisture-content condition of the wood. This value 
was selected as the result of a survey by Heim and 
Hankinson of actual service conditions in various parts 



FORM FACTORS 



1 
I 

1 



The data obtained in test for a given 
beam section are not strictly applicable to 
another size or form. When it becomes 
necessary to apply the design values of Table 
I, which are based on standard specimens 2 
by 2 inches in cross section, to oddly shaped 
sections such as the I and box types, a cor- 
rection factor or ' ' form factor " must be used. 
This form factor may be as low as 0.5 for 
some extreme sections in I and box beams, 
whereas it is greater than unity in some 
cases, as evidenced by the fact that a square 
on edge and a circular section carry the 
same load in bending as a square of equal 
area tested in the usual flatwise position. 
Studies at the Forest Products Laboratory 
have led to the development of formulas for 
determining form factors of sections of va- 
rious shapes. Detailed information con- 
cerning form factors may be found in 
National Advisory Committee for Aero- 
nautics Reports Nos. 180 and 181. (References 5 
and 6.) 

ADJUSTMENT OF TABLE I VALUES 

The strength figures for design in Table I are not 
recorded average values from test, but have been 
adjusted for various factors to make them applicable 
to the conditions of aircraft use. The following 
discussion will bring out more clearly the effect of 
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Moisture Content irr Fer Cent of Oren-Pru Weiqht 

Figuu 1.— The relation between median leal properties and the molstnre content of small, deax 

specimens of Silks spruce 

of the country. In this survey the lowest average 
moisture content observed was 9.8 per cent for material 
at San Antonio, Tex., and the highest was 15.3 per 
cent for specimens in Seattle, Wash. The general 
average for all stations and species was about 12 per 
cent. Individual specimens, of course, showed values 
higher than these averages, and still higher values are 
probable for extreme conditions. Long-distance 
flights bring aircraft into contact with a wide range 
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of moisture and relative humidity conditions, varying 
from those of dry interiors to those of the humid coast 
regions, and year-round service often causes the same 
result. In fixing the moisture content on which to 
base the values for design, most consideration must be 
given the higher moisture conditions that maj be 
encountered; in consequence, 15 per cent was adopted 
as standard for general use. 

The strength of clear wood in the small sizes and 
cross-sectional shapes common in aircraft is greatly 



cavities is the first to move out to the surface, where 
the air carries it away. The fiber-saturation point is 
that point at which all the free water has left the cell 
cavities of the wood while the cell walls are still satu- 
rated with moisture. The fiber-saturation point varies 
with the species. For most species the moisture con- 
tent at fiber saturation is from 22 to 30 per cent of the. 
weight of the dry wood.) 

Wood is a hygroscopic material, continually giving 
off or taking on moisture in accordance with the prc- 
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MODULUS OF RUPTURE (POUNDS PER SQUARE INCH) 

Figure 2.— The variability In the modulus of rapture of green Sitka spruce as shown by 1,S7S tests. All specimens were clear, but in selecting them no attention was 

paid to spedflo gravity or to position in the tree 



affected by its moisture condition. Figure 1 repre- 
sents the relation between strength and moisture con- 
tent of Sitka spruce for four different properties. 

When green or unseasoned wood loses moisture, 
with most species there is no shrinkage or change in 
strength properties until the fiber-saturation point is 
reached. As the drying proceeds below, this point the 
reduction in moisture causes a stiffening and a strength- 
ening of the cell walls; the compacting of wood sub- 
stance into a smaller volume as a result of shrinkage 
is another, although a less important, factor in the 
increase in strength. (Fig. 1.) (Green wood or wood 
that has had prolonged soaking usually contains 
absorbed water within the cell walls and free water in 
the cell cavities. In drying, the free water in the cell 



vailing relative humidity and temperature conditions 
to which it is exposed. Such moisture changes, of 
course, may be reduced by applying protective coat- 
ings to the finished parts, but in time some moisture 
changes can be expected after manufacture, even 
with coated wood. If dry wood reabsorbs moisture, 
its strength is lowered by about the same amount that 
the strength is increased with a similar reduction in 
moisture content. 

It is evident, therefore, that the moisture content of 
wood is an important factor in the strength of aircraft 
members, and hence in design. By means of relations 
derived from Figure 1, Table I, and similar data, it 
is possible to estimate closely the strength at any 
moisture condition of the material. 
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VARIABILITY 

The variability in the strength of clear, sound, 
straight-grained wood may be attributed primarily to 
differences in its specific gravity, since in any species 
there is a fairly close correlation between specific 
gravity and the different mechanical properties. For 
wood, frequency curves of mechanical properties are 
commonly skewed, more values falling below the 
average than above it. Such skewness results pri- 
marily because most properties increase more rapidly 
than the specific gravity, but is accentuated somewhat 
by a slight skewness in the specific gravity curves 
themselves. (Fig. 2 and Table II.) 

It was thought best in arriving at design values to 
reduce the average fiber stress afc elastic limit and 
the modulus of rupture in static bending, and the 
average fiber stress at elastic limit and the maximum 
crushing strength in compression parallel to the grain 
by 6 per cent. The modulus of elasticity, being 
somewhat more variable than modulus of rupture 
and maximum crushing strength, was reduced by 8 
per cent. The reason for these reductions is to put the 
values for wood on the same basis of reliability as those 
for other materials. It so happens that the 6 per 
cent reduction in modulus of rupture makes the design 
value correspond closely to the mode of the frequency 
curve, as may be seen in Figure 2. Shearing strength 
parallel to grain was reduced 25 per cent because of 
variability in strength and in order that failure by 
shear may be less probable than that, from other 
causes. For the other properties of Table I the 
average test values were used, except compression 
perpendicular to grain. 

A frequency distribution of the specific gravity 
(for the weight when the wood is oven dry and the 
volume when it is green) of Sitka spruce, together 
with a bar diagram and a normal frequency curve are 
shown in Table II. The calculated probable variation 
in specific gravity of Sitka spruce, assuming a normal 
frequency distribution, is 7.5 per cent. 

DURATION OF STRESS 

The length of time a load is allowed to remain on a 
wooden member is a very important factor in load- 
carrying capacity and consequently in the stress at 
which failure will occur. It is a well-known fact that 
loads which are carried safely for a few seconds may 
cause failure if applied for a long period. It is this 
fact that makes it permissible, in heavy-timber design, 
to neglect impact resulting from moving loads when 
the impact does not exceed the live load producing the 
impact. 

In the general standard laboratory static bending 
test several minutes elapse after the application of the 
initial load and before the maximum load is reached, 
whereas the maximum stress on a main structural part 
of an airplane, such as that occurring in a sharp pull 
out of a dive or other maneuver, is mantained for only 



a few seconds. In aircraft construction a 3-second 
duration of stress has been assumed for design purposes 
and the values obtained from test have been adjusted 
for this condition in Table I, for the following proper- 
ties: Fiber stress at elastic limit and modulus of rup- 
ture in static bending, fiber stress at elastic limit and 
maximum crushing strength in compression parallel 
to grain, and fiber stress at elastic limit in compression 
perpendicular to grain. The factor used for this adjust- 
ment was 1.17. 

Curve A of Figure 3 shows the relation between fiber 
stress at elastic limit in static bending and duration of 
stress while curve B represents the corresponding rela- 
tion for modulus of rupture. The stress values as 
ordinates are expressed as percentages of the value 
(a, 100 per cent) obtained in the standard static bend- 
ing test. (Reference 1.) With loads of short dura- 
tion the members withstand higher stress than in the 
static bending test, and continuously applied loads 
but slightly greater than those required to stress the 
material to the elastic limit in the standard static 
bending test will ultimately cause failure. These 
curves were used in determining the adjustment factor 
of 1.17. 

SELECTION OP MATERIAL 

The success with which wood has been employed for 
the exacting requirements of aircraft use bears testi- 
mony to the precision that may be obtained in its 
design and manufacture. This successful use may be 
credited directly to an intimate knowledge of the 
factors affecting strength, and to the employment of 
proper selection methods. It is the understanding of 
these factors that makes possible a design precision in 
wooden members comparing favorably with the preci- 
sion in other materials. 

The chief merits of wood for aircraft construction 
are a high ratio of strength to weight; an inherent 
lightness in weight which, for a given depth of member, 
permits considerable width to afford lateral stability 
against buckling; the ease with which it can be manu- 
factured and assembled and, for the same reason, the 
ease with which it may be repaired without either 
highly skilled labor or special equipment; its relative 
cheapness; its adaptability to production in small 
plants; and the readiness with which it may be glued 
and spliced. In addition, the present knowledge of 
wood permits selection so as to obtain both the uni- 
formity necessary for quantity production and the 
properties that are best for the work in hand. 

On the other hand, the principal factors tending to 
restrict the use of wood are a not unlimited supply of 
the most desirable species; a hygroscopicity that 
results in shrinking and swelling and changes in 
strength; and a wide difference in properties with dif- 
ferent directions of the grain. 

The use of the Table I stresses presupposes that 
selected material will be employed, in order to maintain 
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high structural strength with a minim mv> of weight. 
The selection of suitable material involves fixing a 
minimum specific gravity requirement, setting a tol- 
erance on certain defects, and prohibiting others. 
These may be regarded as primary considerations. In 
addition, there are a number of factors more or less 
directly related to wood procurement, inspection, and 
use that are not ordinarily included in a specification 



point of (1) differences between species, ami (2) differ- 
ences between pieces of the samo species. Considering 
different species, the general relation of specific gravity 
to strength is illustrated by two widely different woods, 
mastic, a dense Florida species, and balsa, a very light 
Central American species. Endwise compression tests 
on green material gave the results of Table III, which 
show that mastic had nine times the average specific 



TABLE II. — Results of specific gravity determinations on 8,105 samples of Sitka spruce 



Specific gravity!: 
group limits 

Minimum : Maximum 



Pieces in group 



0.220 
.240 
.260 
.280 
.300 
.320' 
.3^0 
.360 
.380 
.400 
.420 
.440 
.460 
.480 
.500 
.520 
.5^0 
.560 
.530 
.600 
.620 



Humber 



iFraotion of: 
: grand total t 



O.239 
.259 
.279 
.299 
.319 
.339 
.359 
.379 
.399 
.419 
.^39 
.^59 
.^79 
.499 
.519 
.539 
.559 
.579 
.599 
>§19 
.639 



t 



l 

d 

"59 
11 
392 
345 

211 

I 

3 
1 
4 
2 
1 
0 
0 
1 



Per oent 

°:S 

IM 
17.05 

18.62 

16.39 
10.02 

4.32 
2.04 
.76 
.14 
.05 
.19 
.09 
.05 
.00 
.00 

.05 



VARIABILITY DIAGRAM 



NUMBS/! OF SPECIMENS IN GROUP 
0 100 ZOO 300 400 




Average 2 . 



1 Based on weight of wood when oven dry (moisture free) and volume when green. 

' Average speeffle gravity equals 0.364; highest observed specific gravity 0.028; lowest 0.2S6. 



proper, but which will be discussed later as contributing 
information relating to the use of wood in aircraft. 

PRIMARY FACTOBS IN SELECTING WOOD 
SPECIFIC GRAVITY-STEENGTH RELATION'S 

Studies at the Forest Products Laboratory have 
shown that the specific gravity of wood substance is 
nearly the same for all species, and has a value of about 
1.5. Since the bulk specific gravity of wood is less 
than unity for most species, it is evident that a con- 
siderable portion of the volume of a piece of wood is 
occupied by the various cell cavities and pores. For 
these reasons, the specific gravity of oven-dry wood is 
an excellent index of the amount of wood substance 
present, and hence of the strength properties. 

The relation of specific gravity to the mechanical 
properties of wood may be considered from the stand- 



gravity of balsa, and was also nine times as high in 
crushing strength along the grain. Weight for weight 
the endwise crushing strengths of theso diverse species 
are substantially equal. 

TABLE IIL — A comparison of the specific gravities and the 
strength values of two widely different woods in the green condition 



Species of wood 


Bpeciflo grav- 
ity based on 
weight and 
■volume of 
wood when 
oven dry 


Crushing 
strength 
parallel to 
grain 


' Specific 
strength 




1 


2 


I 


Mastic 


1.03 


Poundi ptr 
tguare inch 
4,880 


ccw.»ycw.n 

£,710 
0,830 




.11 


M* 



Some properties increase directly with increase in 
specific gravity while others increase more rapidly. 




LEGEND IMl 

A - VARIATION IN FIBER STRESS AT ELASTIC LIMIT 

WITH CHANCE IN DURATION OF STRESS. 
B -VARIATION IN MODULUS OF RUPTURE WITH 

CHANCE IN PUR AT ION OF STRESS, 
a -STRENGTH IN STANDARP STATIC BENDING 
h- RESULTS OF DEAD- LOAD TESTS LASTING FROM 

6 MONTHS TO A YEAR OR MORE. 
C - FROM U. S. DEPARTMENT OF AGRICUL TURF 

BULLETIN 55$. 
d- ESTIMATED 

RECONDITIONED MATERIAL AT 17 PER CENT 
MOISTURE CONTENT. 
O -AIR-DRY MATERIAL AT IZ PER CENT MOISTURE 
CONTENT 

NOTE: EACH POINT IS THE AVERAGE OF THE RESULTS 
OF FROM 5 TO 10 TESTS. 
"DURATION OF STRESS" IS THE TOTAL TIME 
BETWEEN APPLICATION OF LOAD AND REACHING 
THE ELASTIC LIMIT OR THE MAXIMUM LOAD. 



7.B-/0 



8-6-/0 



1.0 1.4 l.e 2.Z 2.6 3.0 
LOGARITHM OF SECONDS OF DURATION OF STRESS 
FiauM 8,-1*8 rotation between fibar atraaa at etaltlo limit In »tatlo banding and modulo! of rnptnre of Sitka aprace, and duration of atren 



I i 



478 



REPORT NATIONAL ADVISORY 



COMMITTEE FOR AERONAUTICS 



Crushing strength parallel to grain and shrinkage are 
examples of properties that vary directly with the 
specific gravity. Modulus of rupture, on the other 
hand, varies from one species to another as the 1% 
power of the specific gravity. Other properties are 
related to specific gravity by equations of still higher 
powers; for instance, the exponent of specific gravity 
for the variation in hardness is 2%. It is evident, 
therefore, that 6mall differences in specific gravity 
may result in large differences in certain strength 
properties. 

Specific gravity affords an index of strength also for 
different pieces of the same species. In fact, the 
relationship is closer than that between the averages 
of different species. Furthermore, the curve repre- 
senting the relationship of pieces within a species is 
usually of a slightly higher power than that representing 
the average values for different species. (Figs. 4 and 5.) 

Some species of wood contain relatively large 
amounts of resins, gums, and extractives, which, of 
course, add to the weight but do not contribute to the 
strength as would a like amount of wood substance. 
Furthermore, the different species of wood vary some- 
what in the structural arrangement of the fibers. For 
these reasons it is apparent that two species which may 
be identical in specifio gravity may exhibit different 
average strength characteristics. This fact is illus- 
trated by the scattering of points in Figure 4. Hence 
the specific gravity relationship should be taken as a 
general trend rather than a perfectly uniform law. A 
depaiture from the general curve that applies to most 
species usually indicates some exceptional character- 
istic of a species, which may make it particularly 
desirable for certain use requirements. (The term 
extractives is used for the compounds that can be 
removed from the wood of some species by passing cold 
or hot water, alcohol, or other solvent through it 
when it is in the form of sawdust. Extractives may 
be referred to in terms of the solvent used, such as 
hot-water extractives, for example.) 

MINIMUM SPECIFIC GRAVITY REQUIREMENT 

The minimum strength values that may be expected 
from random stock of any species may be materially 
raised by eliminating a relatively small portion of the 
material. This is accomplished by fixing a minimum 
specific gravity requirement (Table I) as one of the 
specifications for aircraft wood, thus rejecting light- 
weight stock. The inspection can usually be made 
satisfactorily by visual examination, but in certain 
cases it may be desirable or even necessary to resort 
to actual specific gravity determinations. Such de- 



terminations made from time to time are of value to 
aircraft inspectors in familiarizing them with the 
relation between appearance and specific gravity. 

While no maximum specific gravity limitations are 
necessary, it is worthy of note that groatcr uniformity 
of weight and strength can be obtained by removing 
the exceptionally dense stock. 

permissible defects 

Cross Grain. 

Cross grain may be regarded as any doviation of the 
grain from parallelism with the axis of a piece. It may 
be classified as diagonal or spiral, or a combination of 
both. Diagonal grain is that produced when the saw 
cut is not parallel to the bark ; spiral grain rosults from 
; a spiral arrangement of the fibers in the tree. Diagonal 
and spiral grain can be avoided to a largo extent by 
care in sawing, provided the logs are straight and not 
badly spiraled. Diagonal grain is largely avoided by 
sawing parallel to the bark, while spiral grain may be 
avoided by edging plain-sawed boards parallel to the 
grain. Such edging is somowhat difficult, since the 
direction of the spiral grain can not always bo readily 
detected. The effect of diagonal and of spiral grain of 
a given slope is the same, so that no distinction is 
necessary except in regard to cause and method of 
detection. 

In order to correlate cross grain with tho strongth 
properties of the timber, it is necessary to have some 
method of measurement. This is furnished by the 
angle between the direction of the Abel's and the edge 
or axis of a piece. The angle is usually expressed as a 
slope; for instance 1 in 15, or 1 to 15, means that in a 
distance of 15 inches the grain deviates 1 inch from tho 
edge of the piece. 

A series of tests made at the Forest Products Labora- 
tory on Sitka spmce, Douglas fir, and commercial 
white ash has shown tliat the several strength proper- 
ties differ in the degree to which they aro affected by 
cross grain and that for properties materially affected 
the tendency of values to fall off occurs with even slight 
deviations. (Reference 11.) Table IV presents somo 
of the results of these tests, the values representing tho 
average percentage deficiency for various slopes of 
cross-grained material when it is free from checks and 
other defects, in terms of straight-grained stock. 
Figures 6 and 7 present the rosults for white ash in 
curve form. 

The weakening effect of cross grain rosults from tho 
wide difference in properties of wood along and across 
the grain. Cross grain is accompanied by an increased 
variability of the properties. 
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SPECIFIC GRAVITY 

Fioon* 4. — The relation between bending strength and specific gravity fior 115 hardwoods and 48 softwoods. Each point represents the average of a number of tests, 
op to several hundred for the mora important species, on small, dear, straight-grained specimens. The specific gravity values are calculated from the weight of 
the wood when oven dry and its volume at test 
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SPECIFIC GRAVITY 

Florae \— The relation of modulus of rupture to specfflo gravity for small, clear specimens of white ash tested In a green condi- 
tion; the specific gravity values are based on the weight of the wood when oven dry and Its volume when green 

In bending, the weakening effect becomes significant 
at a slope of about 1 in 20 and increases rapidly with 
increase in slope. In general, a slope of grain greater 
than 1 in 20 should not be permitted in a main struc- 
tural aircraft member. In parts where failure in serv- 
ice would have no effect on the structure as a whole, 
a slope of 1 in 15 is allowable. 

Defects Causing Choss Grain and Limited 
Theeeby. 

In_ addition to cross grain itself there are a number 
of defects that are limited in specifications principally 
because of the discontinuity of grain and the cross 
grain that they cause. These defects are knots, pitch 
pockets, wavy grain, curly grain, interlocked grain, and 
indented rings. 

Knots. — A knot is a portion of a branch that has 
become incorporated in the body of a tree. Sound 
knots are invariably denser than the . adjacent wood. 



TABLE IV. — Average percentage deficiency in strength proper- 
ties, with respect to straight-drained material, of spiral-grained 
and diagonal-grained material of various slopes 



Species of wood and slope 
of grain 



Statlo bending 



Modulus 
of 

rupture 



Modulus 
of 

elasticity 



i Compres- 
Impact : slon paral- 
bending, lei to grain, 



drop crushing 
loaa strength 



White ash: 

1:25 

1:20. 

1:18. 

1:10 

1:5 

Douglas fir: 

1:25 

1:20 

1:16 

1:10 

l:fl 

Sitka soruoe: 



1:20.... 

1:10." 
us 



Average for three species: 

1:25._ 

1:20._ 

1:1<L_ - 

1:10. — 

l:fi_ 



9 
17 
27 
43 
81 

17 
24 
34 
46 
88 

u! 

21 
33 
65 
78 

IS 
21 
31 
48 
93 



« 

12 ! 
22 I 
87 
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Knots one-fourth inch in diameter may be permitted 
near the neutral axis and along the middle of the top 
and bottom surfaces of main structural members, 
provided they are not closer together than 10 inches 
and do not cause a divergence of grain at the edges of 
the member greater than 1 in 20. "Where less severe 
strength requirements permit cross grain having a 
slope not greater than 1 in 15, knots up to one-half inch 
in diameter may be used provided 
they are not closer together than 
20 inches, and do not cause diver- 
gence of the grain at the edges of 
the member greater than 1 in 15. 
Knots in clusters are often accom- 
panied by irregular grain and should 
not be permitted. 

Pitch 'pockets. — Pitch pockets are 
openings in the grain of the wood 
that contain more or less pitch or 
bark. Tests at the Forest Products 
Laboratory show that while the 
effect of small pitch pockets is 
usually slight, large ones noticeably 
affect the strength, particularly 
when they are on the compression 
flange of a beam. Although pitch 
pockets may be permitted on the 
same basis as knots, the method of 
measurement will differ. The lim- 
itation in both cases takes into 
consideration the cross section of 
the beam occupied and the degree 
of irregular grain caused. The 
presence of pitch pockets in large 
members is often indicative of 
shakes or lack of bond between the 
ring3. 

The following suggested general 
limitations of pitch pockets in wing 
beams of I section (solid or built- 
up) are based not only on the tests 
just referred to but also on many 
years' observation, by members of 
the staff of the Forest Products 
Laboratory, of the effect of pitch 
pockets and various other defects 
on 

(Reference 9.) 

(1) At points where the computed stress multiplied 
by the load factor is equal to the m aximum allowable 
stress, the beams must be entirely free from pitch 
pockets. ("Load factor" is explained in the intro- 
duction.) 

(2) At points where the computed stress multiplied 
by the load factor does not exceed 90 per cent of the 
maximum allowable stress, pitch pockets 1 Jtf inches in 



length and not to exceed one-eighth inch in width or 
depth may be allowed in any part of the section, 
except the outer quarters of the flanges, provided that 
they do not cause a slope of grain steeper than 1 in 25 
in the outer quarters of the flanges. No pitch pockets 
are to be allowed in the outer quarters of the flanges. 

(3) At points where the computed stress, multiplied 
by the load factor, does not exceed 70 per cent of the 




f:Z5 CZO l:/S 
* SLOPE OF GRAIN 

Figusi 8.— The effort of spiral and of diagonal train on fiber stress at elastic limit, modulus of rapture ,and modulus 
of elasticity In static bending tests of small, clear specimens of white ash 

strength properties and on failures under test, maximum allowable stress, pitch pockets 2 inches in 

length and not to exceed one-fourth inch in width or 
depth may be permitted anywhere in the section, 
except in the outer quarters of the flanges, provided 
that they do not cause a slope of grain steeper than 1 
in 20 in the outer quarters of the flanges. No pitch 
pockets are to be allowed in the outer quarters of the 
flanges. 

(4) At points where the computed stress, multiplied 
by the load factor, does not exceed 50 per cent of the 
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maximum allowable stress, pitch pockets 1 % inches in 
length and one-fourth inch in width or depth may occur 
in the outer quarters of the flanges and pitch pockets 
3 inches in length and one-fourth inch in width or 
depth may occur in any other portion of the section, 
provided that they do not cause a slope of grain steeper 
than 1 in 15 in the outer quarters of the flanges. 
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"1:40 m 1:30 

SLOPE OF GRAIN 

Fioube 7.— The efleot of aptral and of diagonal grain on the maximum height of drop In Impact bending test 

of small, clear specimens of white ash 

(5) Pitch pockets in the web may not be closer 
together than 20 inches; if in the same annual growth 
ring they may not be closer together than 40 inches. 
In other portions of the section these distances may be 
10 and 20 inches, respectively. 

In measuring pitch pockets in a piece the length 
is taken as the surface dimension in the direction of the 
grain, the width as the surface dimension across the 1 
grain, and the depth as the maximum distance the j 
pitch pocket extends into the piece, j 



Wavy, curly, and interlocked grain. — Wavy, curly, 
and interlocked grain are subject to the same limita- 
tions as other forms of cross grain. 

Indented growth rings. — Indented rings of annual 
growth appear as slight local depressions of the rings 
oil end sections of pieces of some species. On a tangen- 
tial surface they appear as longitudinal scars, which 
gives rise to .the term "bear sera tchos" 
that is sometimes applied to them. 
Their effect Is less than that of the 
permissible knot and may be ignored 
in members of appreciable size. 

Shakes and Checks. 

Both shakes and checks are separa- 
tions along tho grain of the wood. 
With a shako the greater part of the 
separation occurs between the rings 
of annual growth, whereas with a check 
thegreaterpartof the separation occurs 
across the rings of annual growth. 
Checks and shakos are more common 
in large timbers than in small pieces. 
Tho weakening effect in any case is 
usually greater than that attributable 
to the visible extent of the opening. 
Aircraft material containing shakes 
should be rejected. Aircraft lumber 
should be relatively free from chocks, 
and finished aircraft parts containing 
checks, should be rejected. 

Mineral Streaks. 

Mineral streaks arc localized accu- 
mulations of mineral matter some- 
times found in wood and are generally 
associated with a slight injury to tho 
living tree, such as a bird peek through 
the growth layers immediately under 
the bark. Mineral streaks in them- 
selves appear not to affect strength, 
but are sometimes accompanied by 
decay and consequently pieces contain- 
ing such streaks should be inspected 
for this defect. All material contain- 
ing decay is rejected. Somotimos 
mineral Btreaks are present in sufficient quantities 
to be a factor in the dulling' of woodworking tools. 

Injury Resulting prom Insect Attack. 

Insects sometimes cause holes in lumber. In esti- 
mating the effect on strength these holes can bo con- 
sidered from the standpoint of the amount of material 
removed. When the holes have resulted from insects 
that attack the green or partially seasoned wood, 
their presence is usually detected easily. On tho 
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other hand, the presence of powder-post beetles, most 
of which confine their attack to dry lumber, usually 
the sapwood,, can be detected in stored stock only 
through the most careful examination; at times cut- 
ting into suspected stock is necessary. Hickory, ash, 
oak, and black walnut lumber are most subject to such 
attack, but other species are not immune. Losses 
caused by Lyctus beetles, which are perhaps the most 
common powder-post beetles, can be prevented through 
proper methods of classification and the piling of stock 
by kinds; by separating heartwood and sapwood 
stock, when possible; by periodical inspection; by 
utilizing the older stock first; and by coating the 
lumber to close the pores, thus preventing egg depo- 
sition. When material is under attack, proper heat 
treatment in a kiln at a temperature of 180° F. will 
kill the borers; two to three hours should be sufficient. 
(References 4 and 7.) There appears to be little 
danger of powder-post beetle attack in assembled 
aircraft parts, however, since the finishes applied are 
effective in preventing entrance. 

Seasoning Defects. 

Kiln drying, if properly done, can be accomplished 
without injuiy to the strength properties of the wood, 
tests at the Forest Products Laboratory show. (Refer- 
ence 10.) Furthermore, results can be obtained that 
fully equal those of air drying under the best condi- 
tions. On the other hand, favorable appearance of 
stock alone is not a suitable criterion as to whether 
the stock has been injured in the drying process. The 
best method of obtaining satisfactorily dried stock 
is to use an approved drying schedule, such as 
one of those recommended by the Forest Products 
Laboratory. 

The seasoning of wood in its simplest terms consists 
of driving off the excess moisture always present in the 
living tree. To accomplish this, a moisture difference 
must be established between the interior of a piece and 
the outer surface from which the atmosphere takes 
away the moisture. If the drying is too rapid, too 
great a moisture difference will exist, and the resulting 
unequal shrinkage will cause stresses that manifest 
themselves in checking, honeycombing, casehardening, 
or warping. Collapse is another defect that sometimes 
occurs in seasoning, especially with certain species, 
in spite of care. 

Wood that is checked, honeycombed, or collapsed is 
not suitable for aircraft construction. That which 
is casehardened or warped may be accepted or rejected 
as determined by the severity of the defect and the 
use of the stock. 

Storage after kiln drying. — Good practice in wood 
fabrication involves the storage of lumber under cover 
for a short period after it leaves the dry kilns and 
before complete manufacture, to permit the relief of 
internal stresses that may exist, and the further 
41680—31 82 



equalization of moisture content. Such stock should 
be bulk piled, and heated storage space is desirable 
and may become essential as methods are refined to 
meet more exacting specifications. 

Manotactubing Defects. 

Manufacturing defects are only rarely the cause of 
rejection of aircraft parts, since strength and not 
appearance is the criterion of acceptance. The defects 
that are most likely to result from manufacture are a 
slight raising of the grain and splintering in the machin- 
ing process. The splintering that sometimes occurs 
in rou ting a beam when the shaper knife finishes out 
against the grain should not cause rejection unless the 
splintering extends into the flanges. Excessive sanding 
to produce a smoothly finished surface should be 
avoided. The finish of a wooden aircraft member 
need only be sufficient to- produce a good surface for 
varnishing. 

PROHIBITED DEFECTS 

Decay. 

All woods, to a greater or less extent, are subject to 
stains and decays. The Btains not associated with 
decay, as a rule, have little effect upon the strength 
of wood, whereas decays affect the strength even in 
their early stages, and before any appreciable reduction 
in specific gravity occurs. 

The development of fungi is dependent upon a 
relatively high moisture content of the wood, suitable 
temperature, an abundant supply of food substances, 
and a supply of oxygen, which may be obtained from 
the air. Lumber that is kept either dry or entirely 
immersed in water will not decay. The most practical 
method of preventing decay in aircraft lumber is to 
avoid undue holding of logs under conditions favorable 
to decay, to kiln-dry the lumber immediately after 
sawing, or to air-dry it immediately with proper 
precautions, and then to keep it dry in proper storage. 
Under such conditions wood can be held indefinitely 
without loss of strength or other deterioration. Borer 
or termite attack, of course, requires its own pre- 
ventive measures. 

Both stains and decays are usually indicated by 
discoloratdons of the wood, and it is frequently diffi- 
cult to distinguish between them during their early 
stages. Furthermore, the conditions that are favor- 
able for the growth of stains, as a rule, are also favor- 
able to the development of wood-destroying fungi. 
For these reasons any discolorations in aircraft wood 
should be regarded with suspicion and pieces so dis- 
colored should be carefully examined. 

In examining discoloration, it is necessary to avoid 
confusion with some of the natural color variations of 
the species. For instance, in Sitka spruce the heart- 
wood has usually a light reddish tinge, slightly dis- 
tinguishing it from the sapwood. Some trees of Sitka 
spruce, however, have a pronounced reddish or brown- 
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ish pink heartwood, which is quite uniform in color 
throughout. The color difference is striking in a sur- 
faced board containing both heartwood of this color 
and the characteristic white sapwood. This reddish 
or brownish pink heartwood is not discolored by decay 
and so can be safely used for aircraft construction. 

Decay varies in its effect on different strength prop- 
erties. The wooi-destroying fungi use certain con- 
stituents of the cell walls of the wood for food, with the 
result that these walls are broken down. In the final 
stages of development of the decay little or no strength 
remains in the wood. In the early stages the crushing 
strength parallel to the grain is affected but little, 
whereas the shock resistance is reduced markedly. 
When acceptance is based on specific gravity and 
appearance alone, nil boards containing any evidence 
of decay should be rejected. 

Compression Wood. 

Compression wood is a type of abnormal growth 
frequently occurring in the under side of leaning trees 
and limbs of softwood species. When viewed in the 
cross section of a log, it may comprise all of the mate- 
rial on one side of the pith, or may consist merely of 
one or more growth layers, lying between growth 
layers of normal wood and extending over only a por- 
tion of the circumference. It is characterized by high 
specific gravity, and has the appearance of an excessive 
growth of summer wood. Compression wood in most 
species shows but little contrast in color between spring 
wood and summer wood. Unlike normal wood, it has 
an appreciable endwise shrinkage. This causes crook, 
bow, and twist, particularly when compression wood 
occurs in combination with normal wood. 

Strength tests made at the Forest Products Labora- 
tory show that compression wood, although usually 
very dense, is not so high in strength properties for its 
weight as normal wood. This fact applies especially 
to the bending and the shock-resisting properties. 
While pieces containing compression wood are almost 
certain to be rejected because of their tendency to 
some form of warp, all such pieces that may come up 
for final inspection should be rejected. 

Compression Failures. 

The defect called a compression failure, as the name 
implies, is an injury to the wood resulting from its 
having been overstressed in compression. Such injuries 
may result from excessive wind against the standing 
tree, from felling trees on very rough or very irregular 
ground, or from rough handling of the logs or lumber. 
Compression failures are characterized by a buckling 
of the fibers that appears as streaks on the surface of a 
piece substantially at right angles to the grain. The 
streaks vary in degree from those so pronounced as to 
be unmistakable to very fine hair fines that require 
close observation to detect. 



Compression failures affect the strength properties 
of wood, the degree depending on their magnitude 
and location. They have the greatest effect in reduc- 
ing the shock-resisting properties. All wood containing 
compression failures should be rejected for aircraft use 
in parts where strength is important. 

SECONDARY FACTORS IN SELECTING WOOD 
LOCALITY OF GROWTH 

The origin of wood with respect to locality of growth 
is not ordinarily a suitable criterion for either accept- 
ing or rejecting stock. Often the supposed differences 
in the properties of a single species growing in different 
sections of the country are practically insignificant; 
in fact, there may be more difference in the strengths 
of timber grown in adjacent townships than between 
the averages for two widely separated regions. When 
considering such differences it is well to keep in mind 
the general principle that wood of a given specific 
gravity grown in one locality will usually have the 
same strength as material of the same species and like 
specific gravity grown in another locality. 

There are a few cases in which tho material from 
a given region ■will average considerably lower in 
strength than that from another, but even in these 
cases the differences are in the main reflected in cor- 
. responding differences in specific gravity. Thus 
Douglas fir from the Rocky Mountain region averages 
lower in weight and strength than that from the 
Pacific Northwest. Likewise, the material from the 
swelled butts of southern swamp-grown ash, tupelo 
gum, and a few other species is much lighter and weaker 
than'lhat from a higher position in tho same trees, 
and that from northern upland-grown trees. If 
lumber from southern swamp-grown ash is to be used 
in highly stressed aircraft parts, it is essential that 
the lumber manufacturer cut off the swelled portions 
from the logs before they are sawed into lumber. 

The factors affecting tree growth, which are very 
complicated, cause wide variations in the density 
and the strength of different trees grown within 
limited areas and even of the wood put on by a tree 
during different periods of its b"fe. Tho effect of 
these immediate environmental factors is very great 
and within the natural range of the species it over- 
shadows such factors as geographical location. 

Tests made at the Forest Products Laboratory 
show^ for instance, that Sitka spruce from Alaska is 
fully the equal in weight and strength to that from the 
States of Washington and Oregon at tho southern 
part of its range. This and many other observations 
indicate that, in the absence of specific data concerning 
wood Irom a given source, the general average of all 
available tests on the species is a more reliable esti- 
mate of the strength properties of the wood from the 
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source in question than data on samples from a nearby 
source or from a site that appears to be similar. 

Sometimes, however, factors other than density 
and strength may cause a preference for material 
from one region as against that from another. Four 
such factors are logging practice, seasoning practice, 
manufacturing facilities, and the grading methods 
employed. These factors, of course, are subject to 
continual change and an immediate contact and 
knowledge of conditions is required to permit any 
exercise of regional preference on their account. 

SATE OF GEOWTH 

It is impossible to set up a satisfactory rule for 
appraising strength in terms of rate of growth. The 
specific gravity or the density is a much better criterion. 

In coniferous woods, such as spruce, material of 
very rapid growth is most likely to be of low density 
and hence to fall below the average in strength. For 
this reason the present specifications for aircraft spruce 
require that acceptable material shall have at least six 
annual growth rings per inch. Sitka spruce of rela- 
tively slow growth shows no noticeable increase or 
decrease in strength with rate of growth, and hence it 
seems undesirable to set a limit for the maximum 
number of rings per inch. With conifers in general, 
however, the wood of exceedingly slow growth, as 
found in the outer part of overmature trees, is very 
likely to be of lower density and strength than that 
of medium growth. Tet this slow-growth material 
works easily and stays in place well; in manufacture, 
all slow-growth material is superior to equivalent 
stock of rapid growth. 

With hardwoods, on the other hand, wood of rapid 
growth is usually above the average in density and 
strength. Nevertheless the rate-of-growth standard 
can not be applied mdkcriminately even to hardwoods 
because some very rapid-growth material is brash and 
inferior in weight and strength. 

POSITION IN TREE 

As a general rule, wood of the highest specific gravity 
is the strongest regardless of its position in the tree. 
There are exceptions to this rule, but they are confined 
mostly to the lower 10 or 12 feet of the tree. Some 
slight variations with distance from the pith of the tree 
have been observed that could not be entirely ac- 
counted for by the difference in specific gravity, but 
they are not of sufficient magnitude to be considered. 

HEARTWOOD AND SAPWOOD 

From the standpoint of strength there is, in general, 
no difference between heartwood and sap wood. 
Although the change from sapwood to heartwood in 
a few species such as redwood is accompanied by an 
infiltration of extractives that increase the specific 
gravity and, to some extent, cause an increase in 
certain strength properties, this factor does not appear 



to be of any importance in aircraft. Specific gravity 
or density is the best criterion of strength, whether 
it be for heartwood or sapwood. 

On the other hand, there are important differences 
between heartwood and sapwood from the standpoints 
of ease of seasoning, resistance to decay, ease of pen- 
etration with preservatives, and the like. As a whole, 
the sapwood of all species is relatively nondurable, 
whereas the heartwood of certain woods such as Port 
Orford cedar is highly decay resistant; the sapwood 
I of most species, however, permits easier penetration 
with preservatives and other agents than heartwood. 

TOUGHNESS-TEST METHOD OF SELECTING WOOD 

As recounted in this report, wood that will meet the 
exacting demands of aircraft service can be satisfac- 
torily selected by careful visual inspection, supple- 
mented at times by specific gravity determinations. 
Because of the extensive information on the effect of 
certain factors on strength, no further requirements 
are essential in ordinary service. 

On the other hand, it is conceivable that there may 
be special cases where specific information on the 
strength characteristics of the wood of certain mem- 
bers is desired. For struts and similar members in 
the Euler column class, the load is dependent on the 
stiffness of the material and consequently it is possible 
to predetermine strength by means of a simple deflec- 
tion test, within the elastic limit, without in any way 
injuring the member. With members in which bend- 
ing strength enters, however, there is no direct method 
that can be used. Further, to determine the modulus 
of rupture involves the complete destruction of the 
member and any attempt to estimate it by partial 
loading is likely to produce stresses beyond the elastic 
limit that will ultimately impair the strength of the 
member and the safety of the structure. 

A definite means of appraising strength in such cases 
is provided by the Forest Products Laboratory tough- 
ness machine which, through tests on relatively small 
samples from a piece, offers a comparatively simple 
method of selection. 

The Forest Products Laboratory toughness machine 
(fig. 8) operates on the pendulum principle, but it 
differs essentially from other types in that the load is 
applied to the specimen by means of a cable fastened 
around a drum mounted on the axis of the pendulum. 
In the test a specimen % by % inch or % by % inch in 
cross section, supported over an 8 or 10 inch span, is 
loaded at the center by means of a tup and a stirrup 
that slips over the specimen. 

In brief, the toughness-test inspection method that 
may be employed for stock intended for exacting uses 
provides for the testing of small specimens (usually 
four) from the plank from which the part in question 
is taken. To be acceptable, the piece (1) must either 
meet a minimum toughness requirement established 
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TABLE V. — Minimum acceptance requirements for aircraft 
woods based on tests 1 tn tke Forest Products Laboratory tough- 
ness machine 









Mlnlmnm average acceptable 
toughness 


Species of wood 


Size of 
specimen 


Span 


J Without 

With specific gravity specific 
limitation ; gravity 
j limitation 








MInlmnm 
specific 
gravity 1 


Minlmnny Minimum 

average I average 
toughness 1 toughness 1 




Inch a 
Mi.«ilO 


IruAtt 
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I7« 200 


Sitka spruce 
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fix fix 10 


8 
10 


.so 

.si 
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i The load is to be applied to the tangential face of the specimen. 

* Based on weight ana volume of oven-dry wood. 

• These values are to be applied to the average of* or more test specimens, and the 
range In Individual test values used In arriving at the average should not exceed 1 to 
3 Ji among 4 specimens. 



SUITABILITY OF SPECIES 

Many species of wood are sufficiently satisfactory 
for aircraft service, even though relatively few are now 
used. Several factors lead to the present concentra- 
tion, and tend to delay the employment of other species. 
Among the foremost are the excellent combination of 
desirable properties in the most used species; the 
manufacturer's knowledge of methods of selection and 
inspection; practical considerations of availability, 
uniformity of quality, cost, and ease of manufacture; 
facility in gluing; and ease of drying. 

The wood requirements in aircraft are (1) for mate- 
rial in the form of lumber, and (2) for plywood. The 
possibility of combining species of widely different 
properties for core stock and face plies makes plywood 
very adaptable to a large range of requirements, and 
hence its uses in aircraft are so many and so varied that 
a partial list of them is desirable. Some of the more 
common applications, as enumerated by John F. 
Hardecker, are as follows: Fuselage, leading edges, 
engine bearers, flooring, tail linings, center ribs, tank 
cover, center cover, float parts, box beams, wing 
beams, walkway ribs, seats, rudder, drag ribs, end and 
tail ribs, walkway, head pads, propeller spinner, wing 
covering, step boards, bulkheads or partitions, float 
covering, aileron or elevator surfaces, instrument 
boards, afterdeck bulkheads, webs and wing spars, 
bracing and gusset plates on fuselages. (Reference 2.) 

WOODS NOW COMMON IN AIRCRAFT SERVICE 

Of all the requirements of wood in aircraft, the 
procurement of suitable, clear, straight-grained lumber 
presents the most important problem, and the suit- 
ability of species will be discussed primarily from this 
standpoint. Further, the question of suitability can 
best be approached by means of a comparison of other 
species with the woods now employed, which, through 



long use, may be considered more or less standard. 
Following is a list of these woods, together with their 
principal uses: 

WHITE ASH 

Longerons, propellers, landing gear struts, float 
ribs, reinforcing for structural members, bent work 
on wings and fuselages, chines, tail skids, cabane struts, 
bearing blocks, wing leading edges, float bulkheads, 
false keels, control handles, and fuselage struts. 

BALSA. 

Plywood core stock, especially where insulation is 
desired, as in cabins, filling, streanu^ning, and fairing 
strips. 

BASSWOOD 

"Wing ribs, veneer for plywood, templates, and webs. 

YELLOW BIB.CH 

Propellers, and veneer for plywood. 

MAHOGANY 

Deck, bottom, and bulkhead planking of hulls and 
floats; veneer for plywood, such as that used for 
wing covering, wing tips, and wing ribs; propellers; 
control wheels and handles; pattern work; interior 
finish; and instrument boards. 

SUGAR MAPLE 

Propellers, veneer for plywood, jigs and models, 
assembly forms, shearing blocks, and bearing blocks. 

OAK 

j Propellers. 

j WHITE PINE 

Webs, cap strips, corner blocks, fairing* strips, 
patterns, and forms. 

YELLOW POPLAR 

Veneer for plywood. 

RED, SITKA, AND WHITE SPEUCE 

Main structural parts, such as wing beams, struts, 
and longerons; float and hull construction; ribs, webs, 
landing gears, cap strips, stiffeners, flooring, planking, 
and veneer for plywood. 

BLACK WALNUT 

Propellers, cabin fu rnishing s, and instrument panels. 

REQUIREMENTS IN MANUFACTURE 

The balance and alignment requirements for propel- 
lers are probably the most exacting requirements in 
the manufacture of aircraft. Balance and freedom 
from warping in service depend as much upon matching 
all laminations for density, moisture content, and 



488 



EE PORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 



direction of annual growth, rings as upon the species 
of wood used. Some species give very satisfactory- 
results with rapid manufacture and only a moderate 
degree of refinement, while others, such as oat, must 
be carefully handled, with ample time for conditioning, 
to give the best service. 

The preceding statements are largely typical in 
character, though possibly not in degree, of all wood 
aircraft parts, and therefore the specific manufactur- 
ing requirements of other parts have been given no 
additional discussion. 

MECHANICAL PROPERTIES OF NATIVE SPECIES 

Table VI presents information on the properties 
of some native species compared with spruce for use 
in aircraft. (Reference 3.) The comparative values 
of column 7 are suggested as an index of the suitability 
of a species with respect to its mechanical properties, 
in terms of spruce, in so far as such a relationship may 
be expressed by means a of single value. It is 
important in using the table to consider also the other 
individual properties listed, since a species, to be 
entirely satisfactory as a spruce substitute, should 
no Wall decidedly below spruce in any property. 

TABLE VI. — Properties of various native woods compared wtih 
those of spruce, for aircraft service 1 



Common and botanical names of 



species f||| 



■°te 

01 



Spruce, red, Sitka, and white <_. 



100 



100 



100 



I 



I0O 



100 



100 100 



HARDWOODS (BROAD-LEAVED SPECIES) 



Alder, red (Alnus rubra) 

Apple (Mains pumila var.) ... 

Ash, Butmore white (Fraxlnus blltmore- 
ana) 



Ash, black (Fraxlnus nigra) 

Ash, blue (Fraxlnus qnadrangnlata) 

Ash, green (Fraxlnus pennsylvanlca Ian 
ceolata) 



Ash, Oregon (Fraxlnus oregona) _ 

Ash, pumpkin (Fraxlnus profunda) 

Ash, white (Fraxlnus americana) 

Ashes, commercial white (average of 4 spe- 
cies) 



Aspen (Populus tremuloldes) -. 

Aspen, largetoothfPopulus grandldentata). 

Basswood (Tilia glabra) 

Beech (Fagus grandlfolla) 

Birch, Alaska white (Betula neoalaskana). 

Blroh, gra? (Betula popullfoUa) 

BIroh, paper (Betula papyrifera) 

Birch, sweet (Betula lenta) 

Birch, yellow (Betula lutea) 

Blackwood (Avlcennia nltida) 

1 In this table eaoh spruce value is rated 100 per cent and the corresponding values 
of other woods are then expressed accordingly. 

> These values are averages obtained from the following weighting: Column 2 
values, 1.0; column 4 values, I.S; and column £ values, 1.0. 

> Column 6 values divided by the 3/2 power of the corresponding specific gravities 
(column 1). 

i The basio values used for spruce in columns I to J, Inclusive, axe 0.87, 72, 42, 71, 
and 136, respectively. These values are taken or calculated from Comparative 
Strength Properties of Woods Grown In the United States, which discusses their 
derivation. (Reference 3.) 
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TABLE VI. — Properties of various native woods compared with 
those of spruce, for aircraft service— Continued 

HARDWOODS (BROAD-LEAVED SPECIESJ-Continued 



Common and botanical names of species 



Buckeye, yellow (Aesculus octandra) 

Butternut (Juelana clnerea) 

Buttohwood (Conooarpus erects) 

Casorra (Rhamnus purshlana) 

Calalpa, hardy (Catalpa speciosa) 

Cherry, black (Prnnus serotlna) 



Chinquapin, golden (Castanopsfs chryso- 
phylla^. 



Cottonwood, eastern (Populus deltoldes).. 

Cottonwood, northern black (Populus tri- 

cnocarpa hastata)_ 

Dogwood (Oornus florida)... 

Dogwood, Pacific (Cornus nuttallli) 

Elder, blueberry (Sembncus ccerulea) 

Elm, American (ulmus americana) 

Elm, rock (TJlmus racemose) 

Elm, slipper/ (TJlmus folva) 

Fig, golden (FIcus aurea) 



Gum, black (Nyssa sylvaUca) 

Gum, blue (Eucalyptus globulus) „ 

Gum, red (Liqnidambar styraciflua) 

Gum, tupelo (Nyssa aquatics) 

Gumbo-limbo (Bursera slmaruba) _ 

Haokberry (Celtls oedden talis) 

Haw, pear (Cratsegus tomantosa).. 

HickoryT blgleaf shagEark flEElcoria TacJnl- 

Hickory, bltternut (Woo^oordTformlj)" 

Hickory, mockenmt CHtcoria albs) , 

Hickory, nutmeg (Hteoria my ristieasformls) 
Hickory, pignut (HIeoria glabra) 

Hickory, shagbark (Htooria ovata) 

Hickory, water (HIeoria aquatica) 

Hickories, pecan (average of! species) 

Hickories, true (average of 4 species). 

Holly piex opaca) .... 

Hop-hornbeam (Ostrya Virginians) 

Inkwood (Exothea paniculata) 

Ironwood, black (Erugiodendron ferreum). 

Laurel, mountain (KaLxda latlfolla) 

Locust, black (Robinls pseudoacacla) 



Locust, honey (Oleditsls triacantbos) 

Madrofia (Arbutus menziosif) 

Magnolia, cucumber (Magnolia acumi- 
nata) , 

Magnolia, evergreen (Magnolia grand l- 

flora) 

Magnolia, mountain (Magnolia fraseri) 

Mangrove (Rhliophora mangle) 

Maple, blgleaf (Acer macropoyllum) 

. Maple, black (Acer nigrum) ,_ _ 

Maple, red (Aoer rubrum) 

Maple, silver (Acer saooharinum)_ 

Maple, striped (Acer pennsylvanicum) 

Maple, sugar (Acer saccharum) 

Mastic (Slderoxylon fcetldlsslmum) 

Myrtle, Oregon (Umballularis calirornlca). 
Oak, black (Quercus velutlna) - 



Oak, buriQuercna macrocarpa). 
Oak, Caworiiia black (Quercus kellogtU) 
Oak, canyon live (Quercus chrysolepls) 



Oak, chestnut (Quercus montana) 
Oak, laurel (Quercus laurifolia) 



Oak, live (Quercus Virginians) 

Oak, Oregon white (Quercus garryana) 



Oak, pun Onerous palustrls). 
Oak, post (Quercos slellata). 
Oak, red (Quercus borealls). 



Oak, Rocky Mountain white (Quercus 

utahensts) 

Oak, scarlet (Quercus coodnea) 

Oak, southern red (Quercus rubra) 

Oak, swamp chestnut (Quercus prinus) 

Oak^wamp red (Quercus rubra pagodse- 

Oak, swamp white (Quercus blcolor) 

Oak, water (Quercus nigra) 

Oak, white (Quercus alba)„ 

8ak, willow (Quercus phellos) 
als, commercial red Average of 9 spedes) . 
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119 


117 
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no 


97 
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126 


211 
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110 


113 


125 


189 


155 


116 


11* 


V( 


155 


1*1 


78 


110 


106 


140 


141 


09 


164 


164 


274 


194 


131 


240 


164 


495 


137 
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13S 


101 


262 


903 


66 


151 


132 
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114 
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161 


76 


138 


97 


236 


107 ' 


70 


1S9 
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HI 


185 " 
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1M 


13S 
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151 - 


122 


151 


128 


236 


169 - 


124 




1W 


671 


w * 


168 


173 


121 


304 


179 | 


79 


157 


133 


264 


214 


123 


162 


131 


290 


183 


105 


151 


131 


241 


201 


121 


ICS 


96 


336 


110 


67 


162 


166 


26S 


346 


138 


141 


111 


205 


117 


112 


IE2 


136 


245 


186 


126 


165 


176 


293 


228 


158 


173 


165 


290 


232 


138 


151 


144 


240 


194 


144 


162 


138 


367 


179 


112 


151 


128 


253 


163 


123 


151 


135 


245 


196 


134 



105 100 



84 

181 
158 
120 
133 

1S6 
103 
79 
106 
186 

120 
109 
49 
130 
176 

207 
221 
25* 
207 
381 

246 
301 
206 
258 

126 

173 
178 
196 
130 
211 

104 
115 

134 

148 
108 
222 
108 
149 
135 
106 

119 
165 
144 
135 
145 

19 
04 

IS9 
139 
144 

191 
134 
163 
146 

158 

91 

188 
114 
156 

193 

185 
165 
148 
142 
158 



92 
103 
47 
85 



s 

82 

94 
96 



105 
79 
80 
87 
96 

18 

61 
76 
85 

7? 

u 

81 

18 

ui 

HI 
HI 
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96 
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? 

it 

a 

90 

SO 
St 
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« 

60 
S 



s* 
0 

39 

a 

71 

S3 
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61 
7t 
77 

69 

59 
84 

71 
85 

42 
91 
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Ti 
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TABLE VI. — Properties of carious native woods compared with 
tkose of spruce, for aircraft service — Continued 

HARDWOODS (BROAD-LEAVED SFEC1ES}-Canilnued 



a j. 
9 a 



Common and botanical names of species g 5 § i 

x ! 



t 

h 

s| 



Oaks, commercial white (average of 6 | 
species). 



Palmetto, cabbage (Ssbal palmetto) 

Paradise-tree (SImarouba glaaca) 

Pecan (Hlcorla pecan) . 



Persimmon (Diospyros vlrglniana) — : 

Pigeon-plum (Coccolobtslaurifolia) . 

Poisonwood (Jfetopurm tortfarnm) : 

Poplar, balsam (Populus balsamifera) ; 

Poplar, yellow (Liriodendron tnUpUara) , 

Rhododendron, great (Rhododendron max- : 
tmum) 1 

Sassafras (Sassafras variifollnm) , 

SerrlceberrT (Amelancnler canadensis) I 

SUverbell (Halesta Carolina) ; 

Sonrwood(Oiydendrum arboreum) _i 

Stopper, red (Eugenia confosa) I 

Sugar berry (Celtis lasvlgata) 
Sumach, staghorn (Rhus hir 



1 



Sycamore (Platanns occidenl 
Walnut, black (Juglanj nigra). 
Walnut, llttla (JugTans rupeatrls) 

Willow, black (Salii nigra) 

Willow, western blackTSaUx lastandra) : 

Witch-hazel (Hamamells Virginians) I 



155 
100 
SO 
152 

173 
206 

138 : 

Si; 
103 1 

125 ! 

Ill 
I7S 
III 
US 
224 

127 I 
121 
EM 
138 , 
143 | 

92 [ 
105 , 
161 



133 

a 
so 

149 
165 

153 
8S 
67 
97 

123 

99 

166 
101 
126 
197 

101 
104 
104 
158 
124 

60 
90 

138 



176 110 
68 40 
30 

220 

192 



IIS 



3 

•a 
> 

3 
a 

B 
o 

o to 



It 
S 

9 



126 165 

135 
75 
70 
99 



146 74 

138 76 
262 ' 133 
114 OS 
152 124 
225 j 145 

163 : 76 
163 ; 60 
110 05 
ITS 123 
177 87 



119 76 

89 

83 

87 



128 ' 
146 ' 
263 ' 



109 
197 

106, „, 

137 87 

195 58 

121 85 

119 88 

104 76 
156 



139 



87 99 
114 106 

179 1 96 



SOFTWOODS (CONIFERS) 



Cedar, Alasfca 
tensis). 



(Chamoscyparls nootka- 



Cedar, eastern red (Tanlperus virglniana) . - 

Cedar, Incense (Llbocedrus deourrena) 

Cedar, northern white fThtrJaocdden talis) 
Cedar, Port Orford (Chamsscyparla law- 
sontana) 

Cedar, southern 
thyotdeal.. 



white (Chamjecyparla 



Cedar, western red (Ttrnja plicata) 

Cypress, southern (Taxodium distichnm)- 
Douglas fir (Pseudotsuga taxifolia) (Coast 
type) 



Douglas fir (Pseudotsuga tarifolia) (Inland 
Empire type) 

Douglas fir (Pseudotsuga tarj folia) (Rocky 
Mountain type) 



Fir, alpine (Abies lastocarpa) 

Fir, balsam (Abies balsamea) 

Fir, California red (Abies magnifies) 

Fir, eorkbark (Abies artnraica) 

Fir, lowland white (Abies grandls) 

Fir, noble (Abies nobnisl 

Ftr, silver (Abies amabflls) 

Fir, white (Abies concolor) 

Firs, true (average of 4 species) 

Hemlock, eastern (Tsuga canadensis) 

Hemlock, mountain (Tsuga mertensfana) 

Hemlock, western (Tsuga heteropbyllaj 

Juniper, alligator (Junlperus pachypntea). 
Larch, western (Lariz ooddentalis) 

Pine, lack (Plnus bankstana) 



Pine, Jeffrey (Plnus feffreyi) 

Pine, Umber (Plnus fleiills)! 

Pine, loblolly (Plnus taeda) 

Pine, lodgepole (Pinus contorts). 



Pine, longleaf (Plnus palustrls) 

Pine, mountain (Pinus pungens) 

Pine, northern white (Plnus strobus). 

Pine, Norway (Pinus resthosa) 

Pine, pitch (Pinus rigida) 

Pine, pond (Finns rigida serotina) 

Pine, sand (Plnus clausal 

Pine, shortleaf (Plnus echinata) 



Pine, slash (Plnus carlbaea) 

Pine, sugar (Pinus lambertiana) 

Pine, western white (Pinus monticola) 

Pine, western yellow (Plnus ponderosa) 

Pffion (Plnus edulis) 

Redwood (Sequoia sempervirens) ' 

Spruce, black (Plcea mariana) 

Spruce, Engelmann (Plcea engelmannif}.. 

Tamarack (Larfx Iariclna) 

Vew, Pacific (Tains brevifolla) 



114 


115 


126 


131 


100 


113 


1 

97 


119 


106 


193 


161 


59 


116 


88 


95 


101 


112 


75 


71 


82 


88 


78 


71 


71 


66 


67 


65 


94 


108 


118 


111 


111 


124 


117 


; ioi 


84 


78 


S3 


72 


68 


73 


95 


84 


92 


90 


73 


79 


80 


101 


114 


118 


124 


107 


100 


106 


89 


122 


135 


110 


111 


133 


123 


93 


111 


117 


138 


101 


117 


110 


91 


108 


108 


124 


91 


104 


101 


90 


84 


75 


79 


SI 


69 


S3 


82 


92 


86 


71 


70 


87 


79 


90 


100 


106 


124 


100 


99 


101 


101 


76 


75 


64 


54 


76 


66 


100 


100 


106 


103 


101 


115 


IDS 


106 


95 


104 


93 


96 


110 


102 


110 


95 


101 


88 


99 


108 


102 


110 


95 


100 


100 


85 


93 


92 


99 


95 


103 


98 


93 


104 


99 106 


103 


104 


121 


91 


89 


95 


90 


116 


117 


152 


139 


96 


120 


96 


103 


108 


119 


103 


106 


105 


100 


130 


96 


255 


111 


41 


88 


59 


130 


132 


152 


111 


112 


119 


80 


105 


94 


111 


Ufl 


82 


97 


90 


too 


96 


105 


89 


85 


90 


90 


100 


96 


93 


76 


79 


83 


n 


135 


136 


143 


131 


122 


130 


83 


103 


97 


98 


85 


94 


91 


87 


149 


157 


181 


145 


139 


147 


81 


132 


128 


152 130 


111 


124 


82 


02 


90 


83 


77 


88 


84 


95 


119 


122 


110 


IIS 


120 


120 


92 


123 


108 


133 


135 


107 


119 


88 


135 


132 


152 


127 


113 


121 


79 


122 


121 


150 


121 


99 


115 


86 


132 


139 


162 


156 


125 


112 


S3 


173 


167 


231 


148 


143 


152 


67 


95 


92 


90 


77 


82 


83 


89 


97 


100 


S3 


32 


101 


97 


101 


103 


93 


98 


82 


82 


85 


81 


135 


92 


171 


92 


79 


88 


56 


111 


133 


140 


99 


99 


109 


33 


103 


96 


95 


115 


106 


107 


102 


84 


78 


76 


S3 


71 


70 


91 


132 


124 


126 


120 


106 


118 


78 


162 


158 


329 


239 


39 


173 


81 



'The trees on which these values are based were somewhat higher in density 
than the general average for the species. It is, therefore, very probable that fur- 
ther tests which are under way wffi slightly lower the present figures. 



This table is not intended as a final decision in 
regard to the suitability of the species listed. Prob- 
ably no two engineers could agree exactly in such an 
appraisal. In fact the relative importance of the 
different properties varies in the different members, 
is dependent on design, and changes with the type of 
machine and the speed. Hence, even granting uni- 
versal agreement on the detail of the relative impor- 
tance of various properties, it would still be difficult 
to compare the different species from the standpoint 
of aircraft use as a whole. 

The four properties combined to arrive at the 
suitability index (column 7) are specific gravity, 
bending and compressive strength, shock resistance, 
and stiffness. Shock resistance does not come into 
action until the elastic limit has been fully passed, 
but is included because of the margin of safety it 
offers under extreme conditions. For this reason, 
of two species equal in other respects, the one of 
higher shock resistance is preferable. In species of 
high shock resistance, the initial small compression 
failures in a beam that is stressed to the ultimate 
usually tend to distribute, and thus more work is 
absorbed than can be absorbed when such failures 
concentrate into a single localized failure. A species 
of high shock resistance will also stand more frequent 
repetition and reversal of stress of high magnitude 
than one lower in this property. 

The weighted and averaged figures thus obtained 
were divided by the specific gravity raised to the 3 [2 
power. In this analysis the consideration of such fac- 
tors as effect of size on the strength, stiffness, and buck- 
ling of thin parts, together with the essential require- 
ment in aircraft of keeping weight to a minimum, 
necessitated the use of a power of specific gravity 
higher than the first. Here again judgment was 
exercised in selecting the power, as well as in weighting 
the properties. 

DETAILED DISCUSSION OF SPECIES 

An airplane can be made from practically any 
species of wood that will furnish material in the 
required sizes, and the size of the pieces required may 
be greatly reduced by laminating and splicing. By 
choosing the most suitable species, however, it is 
possible to reduce the weight of the plane appreciably 
and to increase its efficiency. The following com- 
ments, therefore, are based not on the bare possibility 
of use, but rather on the relative suitability and 
efficiency. Further, the differences in strength between 
many of the species are relatively small , and lower- 
ing the quality required in any given species is thus 
likely to make material of a higher quality from an 
inferior species preferable to the low quality from 
the superior species. 

Some of the species included in Table VI obviously 
need not be considered for aircraft use, because of the 
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Bmall size of the tree or its commercial unimportance. 
The discussion of the species included will be directed 
principally to the suitability for wing beams, which is 
the most important requirement and also the most 
difficult to meet. However, consideration will also 
be given to suitability for other aircraft parts. 

HARDWOODS (BROAD-LEAVED SPECIES) 

Although the data on hardwoods in Table VI are 
presented as ratios to spruce, most of the hardwood 
species have properties that adapt them better to 
consideration for uses other than wing beams and 
the parts commonly made of spruce. The data, 
however, will serve as well for comparing other species 
among themselves as for comparison with spruce. 
The hardwoods as here discussed are considered from 
the standpoint of the aircraft uses to which their prop- 
erties seem to best adapt them. 

Red Alder (Alnus rubra). 

Red alder is about the same as" spruce in weight and 
in most strength properties but exceeds spruce in hard- 
ness. Although the leading hardwood of the Pacific 
Northwest, it is nevertheless a relatively small tree that 
matures in 50 to 60 years and reaches at that age a 
diameter of about 18 inches. The amount of clear 
lumber available is small. 

Black Ash (Fraxinus nigra). 

Black ash is considerably lower in weight than com- 
mercial white ash. It is exceedingly tough and is an 
excellent species for bent work. It lacks the strength 
and the stiffness of white ash, however, and can not be 
used so satisfactorily where these properties are 
essential. 

Biltmore White Ash (Fraxinus bUtmoreana). 
Blue Ash (F. guadrangulata). 
Green Ash {F. pennsylvanica laneeolata). 
White Ash (F. americana). 

Biltmore white, blue, green, and white ash are 
similar in density and mechanical properties and can 
not be distinguished from one another by means of 
the wood alone. They are marketed as white ash, 
or more properly, as commercial white ash. 

Commercial white ash has long been a favorite wood 
in aircraft where bending and compressive strength, 
stiffness, shock resistance; and capacity for bending, 
to a required shape are requisites. It seasons satis- 
factorily, stays in place well, and presents no manu- 
facturing difficulties. It serves as a standard of com- 
parison where these properties are essential. 

Ash occurs all over the eastern United States and 
along the streams in the plains region almost to the 
foothills of the Rocky Mountains. Commercial white 
ash lumber is produced from trees of a large range of 
sizes, varying from small second-growth timber to 



large virgin trees 100 or more feet in height and 3 or 4 
feet in diameter. 

Northern-grown ash is frequently preferred by the 
trade because the usual specifications under which ash 
is purchased do not exclude the lightweight, brash 
material that comes from the swelled butts of swamp- 
grown trees found in the overflow lands of the lower 
Mississippi Valley. 

Oregon Ash {Fraxinus oregona). 

Oregon ash is slightly lighter than commercial white 
ash and slightly lower in its strength properties. Its 
range is from southern British Columbia through 
Washington, Oregon, and California. The Oregon 
ash produced is only a fraction of 1 per cent of the ash 
consumed in the United States. 

Pumpkin Ash (Fraxinus profunda). 

Pumpkin ash is somewhat, lighter than commercial 
white ash and is lower in most of its important strongth 
properties. In ash, as in other species, there is a con- 
siderable range in the properties of individual pieces. 
The term "pumpkin ash" is used commercially to des- 
ignate the weak, soft material from all species of ash. 
Specifications for commercial white ash for aircraft 
exclude pumpkin ash. 

Aspen (Populus tremuloides). 

Aspen is lighter than spruce and is considerably 
lower in hardness and stiffness. The tree is quite 
small and the species is nofrimportant from the stand- 
point of aircraft. 

Basswood (TUia glabra). 

Basswood is a lightweight wood that is low in 
practically all of its strength properties. It works 
easily and can be nailed without splitting. It is a 
very satisfactory low-density species for vencer and 
plywood and finds other aircraft use. 

The range of Tilia glabra extends from New Bruns- 
wick through the Great Lakes region and southward as 
far as Pennsylvania and Missouri. Mature troos 
frequently reach a height of 100 feet and a diameter 
of 3 to 4 feet. 

Beech (Fagua grandifolia). 

Beech is quite heavy and has about the strength 
properties of sweet and yellow birch and sugar maple. 
Usually it is not available in the highest grades. It 
might be used to some extent for propellers and ply- 
wood, but can not be used extensively in the frame- 
work of aircraft. 

Beech occurs from New Brunswick to northern 
Wisconsin and south to eastern Texas and western 
Florida. It reaches its best development in tbe 
northern States, the lower Ohio Valley, and the 
Appalachians. Mature trees attain a height of 120 
feet, and diameters of 3 feet or more are not un- 
common. 
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Sweet Bihch (Betvla lento). 
Yellow Biech (B. lutea). 

Sweet and yellow birch are quite similar in their 
properties and can not be distinguished from each 
other by the wood alone. They are heavy, hardj 
and stiff. All birches are diffuse porous species, have 
a fine, even texture, and are capable of taking a 
high finish. These two species find many uses in 
aircraft. 

The range of sweet birch extends from Newfound- 
land to western Ontario, central Iowa, southern 
Illinois, south along the Appalachian Mountains, 
and into Florida. Yellow birch occurs from New- 
foundland to northern New England, northern Minne- 
sota, and south along the Appalachians to Tennessee 
and North Carolina. Mature trees of sweet birch 
range from 70 to 80 feet in height and from 2 to 3 feet 
in diameter, while yellow birch is a little larger. 

Butternut (Juglans cinerea). 

Butternut is slightly lower in weight than spruce 
and is lacking in stiffness, although it is higher in 
shock resistance. Butternut can perhaps be con- 
sidered for veneer and plywood, but it is not likely to 
attain any importance because of the abundance of 
other suitable species. 

Black Cherry (Prunus serotina). 

Black cherry is a moderately heavy wood, some- 
what lighter than black walnut and lower in its 
strength properties. Like black walnut, it is diffuse 
porous, and is an excellent cabinet wood. It is used 
for propellers and should, in general, be suitable for 
other parts where walnut is used. 

Black cherry occurs from Nova Scotia to the Dako- 
tas, south to Florida and Arizona, and along the moun- 
tains to South America. The tree attains a height of 
60 to 90 feet. Black cherry was once abundant and 
of considerable commercial importance, but the 
present supply is very small. Consequently the 
species can not be expected to be of great importance 
to the aircraft industry. 

Chestnut (Gastanea dentaia). 

Chestnut is somewhat heavier than spruce and 
exceeds it in hardness, but is lacking in stiffness. The 
supply is fast being depleted because of the chestnut 
blight, so that a continued supply can not be expected. 
The wood frequently contains numerous small worm 
holes. Chestnut can be glued satisfactorily. Any 
considerable use of chestnut for aircraft is unlikely, 
although it would serve satisfactorily for certain ply- 
wood requirements. 

The range is from southern Michigan and the New 
England States southward to Florida and Mississippi. 
The tree reaches a height of 60 to 100 feet and a diam- 
eter of over 2 feet. 



Eastern Cottonwood (Populus deltoides). 
Northern Black Cottonwood (P. trickocarpa has- 
tata). 

Balsam Poplar (P. bateamifera). 
Eastern and northern black cottonwood and balsam 

I poplar rank in strength in the order named. Eastern 
cottonwood is abqut the same weight as spruce and 
with the exception of shock resistance is lower in the 
other properties listed in Table VI. Balsam poplar 
is decidedly lower than spruce in both weight and 
strength properties. The wood does not split easily 
in nailing, however, can be glued satisfactorily, and 
bends well. None of these species can well be con- 
sidered as a substitute for spruce in wing beams, but 
all will perhaps serve some purpose in minor parts. 
They can also be considered for plywood. 

Eastern cottonwood is widely distributed through- 
out the United States east of the Rocky Mountains. 
Under favorable conditions it grows very rapidly. 
Mature trees attain a height of 100 feet and over and 
a diameter of 2 to 5 feet. 

Northern black cottonwood grows from southern 
Alaska to northern California and eastward as far as 
Idaho and Nevada. The tree under the best condi- 
tions attains a height of 80 to 125 feet and a diameter 
of 3 to 4 feet. 

Balsam poplar occurs over a vast territory from 
Alaska to Labrador, and southward to Colorado and 
New York. In the United States the best timber 
seldom exceeds 30 inches in diameter and 60 or 70 
feet in height, although in the most favorable sites 

! occasional trunks reach a height of 100 feet and a 

| diameter of 6 feet. 

J American Elm (Ulmus americana). 
! American elm, on the average, is lighter than white 
| ash in weight and is much lower in its strength proper- 
!' ties. It can be bent to curved form exceedingly well 
! and its employment in aircraft largely hinges on the 
need for wood having this property. The wood warps 
badly, however, so that considerable care is necessary 
to hold it to form while it is being dried after having 
been bent. It may be used for aircraft plywood. 
Very dense pieces of American elm have about the 
same properties as rock elm and may be used wherever 
rock elm is satisfactory. 

American elm occurs from southern Newfoundland 
: to the eastern base of the Eocky Mountains and south 
: to Texas and Florida. Commercially it is most impor- 
; tant in Michigan, Wisconsin, Indiana, and the lower 
Mississippi Valley. The tree commonly reaches a 
height of 100 feet. Occasionally it attains a height 
of 120 feet, and a diameter of 6 feet or more. 

Rock Elm (Ulmus racemosa). 

i 

I Rock elm is slightly heavier than ash, is lower 
i in stiffness, and higher in shock resistance, in which it 
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excels. It can be bent to curved form readily and if 
properly dried after bending can be used in aircraft as 
an alternate for ash. Considerably more care is neces- 
sary in the original seasoning and the drying after 
bending of rock elm, however, in order to have it 
remain in shape, since it twists and warps badly when 
not held firmly. 

Rock elm occurs from eastern' Quebec, through 
northern New Hampshire and Vermont, to Michigan, 
Wisconsin, northeastern Nebraska, Missouri, and 
middle Tennessee. It is commercially important 
chiefly in northeastern Wisconsin and adjacent parts 
of upper Michigan. The tree occasionally reaches a 
height of 100 feet and a diameter of 3 feet. 

Slippery Elm (JJlmusjulm). 

Slippery elm averages somewhat lighter than ash 
and rock elm and is lower in its strength properties. 
Pieces of a density equal to that of rock elm may be 
used inteichangeably with rock elm. Like the other 
elms, it can be bent to curved form readily and also 
tends to warp in seasoning and in drying after having 
been bent. 

Slippery elm has about the same range as American 
elm. It occurs from southern Newfoundland to South 
Dakota and southward to the Gulf of Mexico. The 
tree is somewhat smaller than the American elm and 
reaches a height of about 70 feet. 

Black Gum {Nyssa sylvatica). 

Black gum is much heavier than spruce but is lower 
in stiffness. Its density is about the same as that of 
American elm. The grain is interlocked, and although 
the wood does not split readily, it tends to warp in 
drying to a greater extent than most of the common 
hardwoods. It probably will be but little used in the 
frames of aircraft, although it is acceptable for plywood. 

Black gum occurs from central New England to 
Florida and west to Texas and Michigan. It is a 
water-loving species. On the best sites it attains a 
height of 120 feet and a diameter of 5 feet. 

Red Gtjm (Liquidambar siyracifiua). 

Red gum is heavier than spruce and higher in its 
strength properties, with the exception of stiffness. 
The grain is interlocked and the wood tends to warp 
considerably. Through careful manufacture and sea- 
soning, however, material that holds its shape satis- 
factorily can be obtained. There is some prospect that 
carefully quarter-sawed red gum, matched for density, 
may be used for propellers. Studies at the Forest 
Products Laboratory have shown that, as far as per- 
mancy of form is concerned, red gum seems suitable for 
propellers if .they are properly manufactured and 
protected from extreme humidity conditions. It is a 
common veneer and plywood species. 

Red gum occurs from southern Connecticut to south- 
eastern Missouri and south to Texas and Florida. It is 
most abundant in the lower Mississippi Valley. Aver- 



age mature trees have a height of 80 to 120 feet and a 
diameter of 1# to 3 feet. Some mature trees reach 
diameters of 5 feet or more. 

Tupelo Gum (Nyssa aquatica). 

Tupelo gum is considerably heavier than spruce but 
is lower in stiffness. It seems desirable for aircraft 
construction only in the form of plywood. 

Tupelo gum occurs along the Atlantic and the Gulf 
coasts from Virginia to Texas, and northward along 
the Mississippi Valley as far as southern Illinois. The 
largest trees are about 100 feet in height and 3 to 4 
feet in diameter above the swelled base. The material 
from the swelled butt is characteristically light in 
weight, brash, and weak. 

Hackberry (Celtis occidentalis). 

Hackberry is lighter than ash, and compares favor- 
ably with ash in shock resistance, although in the other 
mechanical properties its average values are lower. 
The denser pieces of hackberry may perhaps be sub- 
stituted for ash. 

Hackberry occurs from New England to Virginia 
and westward to North Dakota and Kansas. It is a 
slender tree, commonly 50 although occasionally 100 
feet high, and when mature it is from 2 to 3 feet in 
diameter. 

Pecan Hickories. 

Bitternut hickory (Hicoria cordifortnis) . 

Nutmeg hickory CH". myrisiicsejormis). 

Water hickory (S". aquatica). 

Pecan (H. pecan). 
The pecan hickories are heavier and more shock 
resistant than ash and yet, in general, tbey are inferior 
to the true hickories in their mechanical properties, 
especially in shock resistance. 

Their range and size are in general the same as those 
of the true hickories. 

True Hickories. 

BlGLEAP BHAGBARK HICKORY (fficoria lacinXOSa). 

Mockernut hickory (H. alba.) 

Pignut hickory (H. glabra). 

Shagbark hickory (H. ovata). 
The true hickories are quite similar in their proper- 
ties and can not be distinguished from one another by 
the wood alone. These hickories are much heavier 
than ash, and are very high in their strength properties. 
The wood is exceedingly tough and in this respect 
excels all of the other native species that are commer- 
cially available. It is characteristic of hickory that the 
compression failures in bending do not usually localize 
but distribute themselves so that the material develops 
a remarkable toughness. Hickory, being a very dense 
wood, shrinks and swells considerably with change in 
moisture content. 

The true hickories can be substituted in aircraft 
for ash but would probably not give quite as good 
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service for the same weight. Hickory is particularly 
desirable where great toughness is required. 

The hickories occur over the eastern part of the 
United States, beginning as far west as the States on 
the west bank of the Mississippi River. The mature 
trees are from 100 to 120 feet high and several feet in 
diameter. Second-growth material or that from small 
trees is frequently considered superior to that from the 
mature trees, but tests show that the density of the 
wood, as with other species, is the best criterion of 
properties. 

Black Locust (Bobinia pseudoacacia). 

Black locust is a very heavy, strong wood. It 
shrinks and swells but little for its density, having 
only about half the shrinkage of hickory for a given 
moisture reduction. The heartwood has a high extrac- 
tive content and is very decay resistant. Black locust 
is an excellent species where hardness and the proper- 
ties just mentioned are required, but is not likely to be 
of importance in aircraft. 

Cucumber Magnolia (Magnolia acuminata). 
Evergreen Magnolia grandiflora). 
Mountain Magnolia (M.fraseri). 

The three species of magnolia, on which mechanical 
tests have been made, may be considered together. 
They are all heavier than spruce, cucumber magnolia 
and evergreen magnolia being considerably so. They 
all compare favorably with spruce in their strength, 
properties, and consequently belong to the group of 
hardwoods that give promise of being good substitutes 
for spruce in wing beams and other aircraft parts, 
when they are available in proper size and quantity. 

The range of cucumber magnolia extends from 
western New York to Alabama and westward to 
Illinois and Mississippi. The tree is from 60 to 90 
feet high and 2 to 4 feet in diameter. 

Evergreen magnolia occurs along the coast region 
from North Carolina to Florida and westward to 
Texas, extending through western Louisiana to Arkan- 
sas. Trees 80 feet high and 4 feet in diameter are 
occasionally found. 

Mountain magnolia grows from southern Virginia 
and northeastern Kentucky to northern Georgia and 
west and southwest to Tennessee, Alabama, and 
Louisiana. The largest trees are only 30 feet high 
and 1 foot or more in diameter. 

Bigleaf Maple (Acer macrophyllum). 

Bigleaf maple is about the same in weight as silver 
maple and, except in shock resistance, is somewhat 
higher in strength properties. It is much lighter and 
lower in mechanical properites than the sugar maple. 
There is probably little use for bigleaf maple in air- 
craft, except possibly for veneer and plywood. 

Bigleaf maple occurs from the coast region of south- 
eastern Alaska to California. It varies greatly in 



size under different growth conditions. Over most 
of its range bigleaf maple is a small tree averaging 
about 50 feet in height and 18 inches in diameter. 
Under the best conditions it sometimes attains a 
height of 100 feet and a diameter of 40 inches or more. 

Black Maple (Acer nigrum). 
Sugar Maple (A. saccharum). 

Black maple and sugar maple, which are very similar 
in their properties, are classed and sold as "hard" 
maple. They can not be distinguished from each 
other by the wood alone. 

These two maples are dense, hard, and stiff. They 
are diffuse porous, and have a fine, even texture. On 
account of their hardness and resistance to wear they 
are often used for the faces of plywood. These 
species find numerous uses in aircraft manufacture. 

Black maple occurs from Quebec westward to 
northeastern South Dakota, and southward to a 
boundary from Missouri to West Virginia. The 
range of sugar maple extends from southern New- 
foundland to Minnesota and southward to eastern 
Texas and northwestern Florida. It is important 
commercially principally in the Lake States, the 
Northeast, and the Appalachian region. Mature 
trees ordinarily are from 100 to 120 feet in height, 
and from 30 to 40 inches in diameter. 

Bed Maple (Acer rubrum). 

Bed maple is somewhat heavier, stiffer, and stronger 
than silver maple but is lower in its mechanical 
properties than sugar maple. Red maple could 
probably be used for propellers but the product would 
be much, softer than that made of sugar maple. It 
is possible that some of the densest pieces of red maple 
have properties similar to sugar maple and can be 
used as such. 

Red maple occurs from New Brunswick to Minne- 
sota and south to Texas and Florida. The average 
size of mature trees is about 70 feet in height and 2 
feet in diameter. Occasionally they attain a height 
of 100 feet and a diameter of 4 feet. 

Silver Maple (Acer saccharinum). 

Silver maple, which is much lower in weight and 
strength than sugar maple, lacks the stiffness needed to 
make it a satisfactory substitute in aircraft for spruce, 
and the greater weight is a disadvantage. It is 
suitable for plywood where a semihard species is 
required. 

Silver maple occurs from New Brunswick to Min- 
nesota and southward to Arkansas and Florida. The 
trees attain a height of 75 to 120 feet and a diameter of 
2 to 4 feet. 

Oregon Myrtle (Umbettidaria calij ornica). 

Oregon myrtle is much heavier than spruce and, 
although it is higher in hardness and shock resistance, 
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it is decidedly lacking in stiffness. It will probably 
have little use in aircraft construction. 

Oregon myrtle occurs in southwestern Oregon and in 
California. In general it is not a large tree, but under 
the most favorable conditions it grows from 60 to 80 
feet high and from 2% to 3% feet in diameter. 

California Black Oak (Quercus keUoggii). 

Oregon White Oak (Q. garryana). 

Rocky Mountain Whites Oak (Q. utahenais). 

California black, Oregon white, and Rocky Moun- 
tain white oak are decidedly lacking in stiffness and 
need not be considered for aircraft service. 

Commercial Red Oak. 

♦Black oak (Qiwcus velutina). 
Laurel oak (Q. laurifolia). 

*Pm oak (Q. palustris). 

*Red oak (Q. borealis). 

♦Scarlet oak (Q. coccinea), 

♦Southern red oak (Q. rubra). 
Swamp red oak (Q. rubra pagodzjolia). 
Water oak (Q. nigra). 

♦Willow oak (Q. pheUo's). 
Commercial White Oak. 

♦Bur oak (Quercus macrocarpa). 

♦Chestnut oak (Q. montana). 

♦Post oak (Q. stellata). 

♦Swamp chestnut oak (Q. prinus). 
Swamp white oak (Q. bicolor). 

♦White oak (Q~. alba). 
There are over a hundred species, varieties, and 
hybrids of native oak but most of the oak lumber cut 
in the United States comes from the 11 species in the 
heading that are starred. The various species can be 
divided into two broad groups, the red oaks and the 
white oaks. Since the oaks are fairly similar in their 
properties, they will be considered collectively. 

Commercial red oak is but slightly lower in weight 
than commercial white oak and the two groups are 
unusually similar in strength properties, so that differ- 
entiation need not be made for this reason. Com- 
mercial red oak, however, is less resistant to decay 
than white oak and responds to moisture changes 
more rapidly than the white. The heartwood of the 
white oaks is impervious to liquids, while there is 
relatively free longitudinal passage in the red oaks. 

The oaks are very heavy and hard and are extremely 
variable in their properties. They need not be con- 
sidered at all as a substitute for spruce but they do 
play an important part in propeller manufacture. 
The radial shrinkage is only about one-half of that 
in the tangential direction. Hence quarter-sawed 
material stays in place much better than plain-sawed 
stock and is more desirable for propeller construction. 

The southern oaks, particularly when swamp 
grown, are very difficult to dry properly without 
serious checking, honeycombing, and casehardening. 
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They are also reputed to be quite difficult to manu- 
facture, especially to machine. For this reason there 
has been preference in the trade for upland-grown oak. 
The available information, however, shows little 
difference as far as strength properties are concerned. 

Taken together, the species under consideration are 
widely distributed throughout the United Stales east 
of the Great Plains. The size of the oaks, of course, 
varies greatly but at their best they occasionally attain 
a height of 125 feet and a diameter of 6 feet. 

Canton Live Oak (Quercus chrysoUpis). 

Canyon live oak is very heavy and is greatly lacking 
in stiffness for its weight. 

Live Oak (Quercus virginiana). 

Live oak is one of the densest native species. Pieces 
of its wood often sink in water, even when air dry. 
Its shrinkage, however, is no greater than that of the 
other , oaks, which average much lower in specific 
gravity. It has remarkable hardness and is quite 
tough. Although it can not be considered from the 
standpoint of substitution in aircraft for the commonly 
used species, its unusual characteristics arc worthy of 
consideration in connection with special problems. 

Live oak occurs along the coast from Virginia to 
southern Florida and to Texas. It is a spreading tree 
and consequently yields but short logs. The largest 
commercial trees may be about 70 feet high and 6 or 7 
feet in diameter. 

Pecan (Hicoria pecan). 
See the hickories. 

Persimmon (Diospyros virginiana). 

Persimmon is a dense wood, very high in hardness, 
and has a fine, even texture. It is an excellent wood 
for uses where toughness and smoothness of wear are 
required, as in shuttles, but is probably of no impor- 
tance in aircraft. 

It occurs from Connecticut to Kansas and south to 
Texas and Florida. Mature trees are usually little 
over 12 inches in diameter but occasionally reach a 
height of 100 feet and a diameter of 2 feet. 

Balsam Poplar (Populus balsamifera). 

See the cottonwoods. 
Yellow Poplar (Liriodendron tulipifera). 

Yellow poplar is but little heavier than spruce and, 
although somewhat low in shock-resisting capacity, it 
has excellent working qualities, ability to retain shape, 
and freedom from checks and shakes. It presents no 
manufacturing difficulties. Because of these desirable 
characteristics it is regarded as a fairly satisfactory 
substitute for spruce. It is used very extensively for 
plywood. 

Yellow poplar occurs in all the States east of the 
Mississippi River except Maine, New Hampshire, 
Vermont, and Wisconsin, and occurs also in Missouri, 
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Arkansas, and Louisiana. With sycamore, it is the 
largest hardwood tree in the United States. Mature 
trees are from 90 to 180 feet in height and from 3 to 8 
feet or more in diameter. 

Sugarbeert (Celtis lievigata). 

Sugarberry is considerably heavier than spruce but 
is lower in stiffness. In properties it resembles hack- 
berry, to which it is closely related. As with hackberry, 
the denser pieces can be substituted for ash. 

Sugarberry occurs from Indiana to Missouri and 
southward to Texas and Florida. The tree is not 
large. 

Sycamore (Platanus ocddentalis). 

Sycamore is considerably heavier than spruce but, 
like many of the hardwoods, is lower in stiffness. 
Shakes are very prevalent. Because of this defect 
and its low stiffness, sycamore appears to be not suit- 
able for aircraft, except in veneer and plywood where 
it is often mixed with red gum, which has approximately 
the same properties. 

Sycamore occurs from New England to Nebraska and 
south to Louisiana and Florida. It is one of the largest 
hardwood trees, attaining a height of 140 feet. Trees 
several feet in diameter are common and some over 10 
feet have been known. 

Black Walnut (JugLans nigra). 

Black walnut is an excellent furniture and cabinet 
wood that has already established a position in aircraft 
use. It probably is the best propeller wood of any of 
the native species, since it has good hardness to resist 
wear and has excellent ability to retain its shape 
under varying moisture conditions. However, it is "not 
so hard as oak or birch. Its fine, even texture, excel- 
lent appearance, and finishing qualities make it suitable 
for instrument panels and cabinetwork. It serves a 
number of uses in aircraft but is not considered as a 
substitute for spruce. 

Black walnut occurs from New England to Minne- 
sota, and south to Texas and Florida. Forest-grown 
trees vary in size from a diameter of 2 feet and a height 
of 50 feet to a diameter of about 6 feet and a height of 
100 to 120 feet. 

SOFTWOODS [CONEFEROHS SPECIES] 

Alaska Cedar (Chamxcyparis nootkatensis). 

Alaska cedar is heavier than spruce, and although 
the two are about equal in stiffness, it is higher in the 
other me chani cal properties. The additional informa- 
tion available indicates that this cedar is easy to kiln 
dry, moderately good in ability to stay in place, moder- 
ately easy to glue, and easy to work. The. heartwood is 
highly resistant to decay. 

With its limited supply, Alaska cedar is not likely 
to be considered for use in aircraft from the stand- 
point of special design. _ It should rather be expected to 
serve as a species supplementary to spruce, for sub- 



stitution in spruce sizes; the result is somewhat 
greater strength at the expense of increased weight. 
The range of Alaska cedar is confined to the Pacific 
Northwest coast region. The trees not uncommonly 
attain a diameter of 4 to 5 feet and a height of about 
100 feet. 

Incense Cedar (Libocedrus decurrens). 

Incense cedar is somewhat lighter than spruce, 
and is considerably lacking in shock resistance and 
stiffness. It is not available in large quantities and its 
use in aircraft would be confined to parts that are not 
highly stressed. 

Northern White Cedar (Thuja oecidentalis). 

Northern white cedar is much lighter than spruce, 
and is correspondingly low in all its strength properties. 
The heartwood is highly decay resistant. Being a 
comparatively small tree with little clear wood, 
northern white cedar can not be considered as a possi- 
bility for large or highly stressed parts of aircraft 
frames. 

Port Orford Cedar (jOhamscyparis lawsoniana). 

Port Orford cedar is somewhat heavier than spruce, 
and equals or exceeds the strength properties of spruce. 
Although not an abundant species, this cedar can be 
obtained in large sizes. The wood has a fine appearance 
and presents no manufacturing difficulty. The heart- 
wood is highly resistant to decay. Because of the 
rather limited stand and production, the basis of use 
should be very similar to that of Alaska cedar; namely, 
as a substitute in aircraft for spruce in spruce sizes. 

Port Orford cedar occurs in the coast region from 
southwestern Oregon to California, extending inland 
about 40 miles. Mature trees are usually from 3# to 
to 6 feet in diameter, and from 125 to 180 feet high; 
occasional trees are 8 feet in diameter and 200 feet 
high. 

Western Red Cedar {Thuja plicata). 

Western red cedar is considerably lower than spruce 
in specific gravity and is also lower in strength prop- 
erties, particularly in stiffness and shock resistance. 
Although a fairly abundant and durable species, it can 
not be used satisfactorily in highly stressed aircraft 
parts. 

Southern Cypress (Taxodium distiehum). 

Southern cypress is somewhat higher in specific 
gravity than spruce and, on the average, is equal to or 
better than spruce in strength properties. Cypress, 
however, is very high in moisture content when green, 
and some of the material is difficult to dry. The 
heartwood of mature trees is very durable. The 
swelled butts of southern cypress produce some stock 
low in density, which would not be suitable for aircraft 
use, but selected material offers a possible spruce sub- 
stitute. Further study of suitable selection methods 
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should be undertaken, however, before an attempt is 
made to use it extensively in aircraft. 

Southern cypress occurs in the Atlantic and the 
Gulf coastal regions from southern Delaware to Texas, 
and along the bottom lands of the Mississippi and its 
tributaries to southern Illinois and Indiana. Mature 
trees attain a height of 70 to 150 feet, and a diameter 
of 4 to 10 feet. 

Douglas Fib (Pseudotsuga taxxfolia). 

Douglas fir is one of the few species that exhibit a 
noticeable difference in properties with region of 
growth. Material from the Pacific coast, in average 
values, is considerably higher in weight and strength 
than that in the Rocky Mountain region, and in addi- 
tion the tree is much larger, affording clear material in 
quantity and in large sizes. 

Douglas fir from the Pacific coast in general is much 
heavier than spruce and its strength properties are 
equal to or exceed those of spruce. Unlike Sitka 
spruce, the density of Douglas fir wood shows a signifi- 
cant decrease with increase in the height of its position 
in the tree. As a result the best aircraft stock would 
come from the tree at a height of 40 feet or more. 
Such material would be slightly lower in average 
specific gravity and strength properties than the values 
presented in Table VI, which are averages. 

Douglas fir is more likely to develop checks in manu- 
facture and in service than spruce. It splinters some- 
what and consequently is more difficult to machine 
than spruce. The net result is that, although Douglas 
fir has excellent strength properties, its other charac- 
teristics are such that considerable more care in manu- 
facture is required than with spruce. Douglas fir is 
not likely to be used extensively for aircraft wing 
beams as long as spruce is available; it is used, how- 
ever, for veneer and plywood. 

Although Douglas fir grows over a large area in 
the West, the so-called Pacific coast type just discussed 
is confined to the coast region from southern Oregon to 
British Columbia. It is one of the largest commercial 
trees of the world, being from 3 to 10 feet in diameter 
and 175 to 300 feet in height. 

Douglas fir from the Rocky Mountain region is 
somewhat heavier than spruce. It is generally lower 
in shock resistance, can not be obtained in large sizes, 
is decidedly knotty, and hence is not considered a 
satisfactory substitute for spruce. 

In Idaho and the region immediately around it, 
however, some Douglas fir that is satisfactory for air- 
craft stock can be obtained. 

Alpine Fir (Abies lasiocarpa). 

Alpine fir is very low in weight and also in all its 
strength properties. Whether some stands contain 
material that is appreciably stronger than the speci- 
mens tested is not known, but this species appears to 



hold no promise of furnishing stock for highly stressed 
aircraft parts. 

Balsam Fir (Abies balsamea). 

Balsam fir is lighter than spruce and- is lower in its 
strength properties, being particularly deficient in 
hardness and in shock resistance. It gives little 
promise of being a satisfactory aircraft wood. 

California Red Fir (Abies magnified). 

California red fir is the same in average weight as 
spruce, and is very similar in its mechanical properties. 
Little is known of its other characteristics, such as ease 
of drying, workability, and ease of manufacture. 
These factors must be investigated before it can be 
recommended for aircraft service, and proper methods 
of selection must also be developed. 

California red fir grows in California and southern 
Oregon. It is commonly from 125 to 175 feet high and 
from 30 to 50 inches in diameter. 

Lowland White Fir (Abies grandis). 
Silver Fir (A. amabilis). 
Whtte Fir (A. concolor). 

Lowland white, silver, and white fir promise to 
furnish but little clear material in sizes that are suit- 
able for aircraft. They are of interest chiefly because 
they may be used for veneer and plywood. 

Noble Fir (Abies nobilis). 

Noble fir is slightly lighter in weight than spruce, 
and compares favorably with spruce in its strength 
properties. From the strength standpoint, therefore, 
noble fir is a possible spruce substitute in aircraft. 
Mature trees are said to yield a high percentage of 
clear stock. Its use seems to hinge on its other 
characteristics, concerning which additional informa- 
tion is needed. These characteristics include methods 
of o^rying and handling, methods of selection, tendency 
for checks to develop, workability, ease of drying, 
and facility of manufacture. 

Noble fir is found in Washington, Oregon, and 
California. Large trees are from 140 to 200 feet in 
height, and from 30 to 60 inches in diameter. 

Eastern Hemlock (Tsuga canadensis). 

Eastern hemlock compares favorably in weight and 
in strength properties with Sitka spruce, but because 
of its other characteristics it need not be considered 
for aircraft, although it is a much used lumber and 
timber species. The amount of clear lumber in large 
sizes is relatively small. 

Mountain Hemlock (Tsuga mertensiana). 

The average weight of mountain hemlock is much 
greater than that of spruce. Although this species 
exceeds spruce in most of its strength properties, it 
can not be regarded of importance as an aircraft 
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wood because of its limited supply and the inacces- 
sibility of its stands. 

Western Hemlock (Tsuga keterophylla). 

Western hemlock is slightly heavier than spruce, 
and equals or exceeds that species in its strength 
properties, although it is somewhat less uniform in 
texture than spruce. Studies at the Forest Products 
Laboratory show that it can be kiln dried and glued 
satisfactorily. Western hemlock is an abundant 
species. The trees, however, are not so large as 
spruce and have a lower percentage of clear material, 
and hence the percentage of material that will meet 
aircraft requirements is smaller than that of spruce. 
Yet, all things considered, it should be regarded as 
a possible substitute in aircraft for spruce in spruce 
Bizes. It is now used for veneer and plywood. 

Western hemlock grows from northwestern Mon- 
tana and northern Idaho to Alaska and along the 
coast ranges and the Cascades to California. Under 
favorable growth conditions the trees reach a height 
of 200 feet and a diam eter of 3 or 4 feet. Larger 
trees are found, but those over 5 feet in diameter are 
rare. 

Western Larch (Larix occidentalis). 

The average weight of western larch exceeds that of 
spruce, and the wood is also higher in its strength 
properties. The material from the lower portion of 
the trees contains a gum called galactan, which adds 
greatly to the weight. Four to eight feet of the lower 
portion of the tree is often discarded because of weight 
and the prevalence of shakes. Western larch, like 
some of the dense softwoods, exhibits a large variation 
in properties, and there is evidence of considerable 
difference in material from different sites. Although 
this larch is high in strength properties, it seems not 
feasible to use the species for aircraft, in view of the 
supply of more suitable woods. 

Jack Pine (Pinus hanksiana). 

Jack pine is slightly heavier than spruce, and is 
especially lacking in stiffness. The tree is relatively 
small and does not appear to be a promising aircraft 
material. 

Jeffrey Pine (Pinus jeffreyi). 

Jeffrey pine is about the same weight as spruce but 
it is lacking in stiffness and shock resistance. It is not 
an abundant species and shows no especial suitability 
for aircraft. 

Lodgepole Pine (Pinus coniorta). 

Lodgepole pine is very similar in weight to spruce 
but is slightly lower in most of its properties and is 
particularly lacking in shock resistance. Only about 
20 per cent of the trees are large enough for saw timber 
and the abundance of small knots makes it difficult to 
obtain much clear stock. Consequently it is not likely 
that lodgepole pine will be used for aircraft. 



Northern White Pine (Pinus strobus). 

Northern white pine is somewhat lighter than spruce 
and lower in its strength properties, particularly in 
hardness and shock resistance. It has an enviable 
reputation as a wood that is uniform in properties, 
stays in place well, presents no manufacturing diffi- 
culties, seasons easily, and may be glued satisfactorily. 
Northern white pine is recommended for aircraft serv- 
ice; although it could perhaps be used in spruce sizes 
better practice would probably be to redesign because 
of the slightly lower design values of strength. With 
a little additional care in selection, however, it could 
perhaps be used in spruce sizes. 

The range of northern white pine extends from 
Canada into the Great Lakes States and the New Eng- 
land States and south in the Appalachians as far as 
northern Georgia. The virgin timber is usually 3 feet 
or more in diameter and attains a height of 100 feet 
or more. Intensive logging has made heavy inroads on 
the virgin supply of this wood, however, and the white 
pine blister rust threatens its future growth. The 
supply of suitable stock is not large enough to develop 
the use to the extent that its desirable properties 
would otherwise permit. 

Norway Pine (Pinus resinosa). 

Norway pine is considerably heavier than spruce 
and is higher in its strength properties. The wood is 
more resinous than that of the white pines and the 
summer wood is more pronounced. Experiments show 
that it can be Triln dried satisfactorily. Although Nor- 
way pine can be safely used in aircraft in spruce sizes 
at the expense of the additional weight that will then 
result, its considerably higher properties indicate that 
best results would be obtained from special design. 

Its range is from New Brunswick to Manitoba and 
south to Minnesota and West Virginia. The tree 
reaches a height of 90 feet or more and a diameter of 
about 3 feet. 

Southern Yellow Pines. 

Loblolly pine (Pinus taeda). 
Longleaf pine (P. palusiris). 
Mountain pine (P. pungens). 
Pitch pine (P. rigida). 
Pond pine (P. rigida serotina). 
Sand pinb (P. clausa). 
Shortleap pine (P. ecMnata). 
Slash pine (P. caribaea). 

The southern yellow pines, in general, are extremely 
resinous, with a pronounced summer wood that is very 
dense. The southern yellow pines as a whole are from 
35 to 70 per cent heavier than spruce and are much 
higher than spruce in strength; Table VI presents a 
detailed comparison. Although they have excellent 
properties, they are not so strong for their weight as 
some of the other pines. 
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Individual pieces of any of the southern yellow pine 
species exhibit a large range in density and properties. 
Any material for aircraft wing beams from the southern 
yellow pines is most likely to come from the lighter 
weight, slow-growth stock. However, even this lighter 
weight material, such as that represented in the trade 
by "Arkansas soft pine," would have difficulty in 
competing with the other, species that are possible 
substitutes. 

The southern yellow pines grow in the Atlantic coast 
and the Gulf coast regions from New Jersey to Texas, 
and in the lower Mississippi River drainage area. They 
attain a height of 50 to over 100 feet and a diameter 
of 15 to 48 inches. 

Sugar Pine (Pinus lambertiana). 

Sugar pine is lighter than spruce and is lower in 
its strength properties, particularly shock resistance 
and stiffness. It can be worked satisfactorily and 
stays in place quite well, approaching to some extent 
the desirable characteristics of northern white pine. 
Sugar pine is not so easy to season as spruce or white 
pine. It has a relatively high moisture content when 
green and consequently attempts to hasten seasoning 
by high temperatures must be avoided. The strength 
properties are too low to permit its use in aircraft in 
spruce sizes, but the species does offer a possibility 
for use through special design. 

Sugar pine occurs in the mountain regions of southern 
Oregon and California. It is most abundant and 
reaches its best development in the Sierras. The trees 
attain large sizes, heights of 200 feet or more and 
diameters of 6 feet being common. 

Western White Pine (Pinus monticola). 

Western white pine is about the same weight as 
spruce, but is slightly lower in shock resistance and 
much lower in hardness. Experiments at the Forest 
Products Laboratory show that western white pine 
can be kiln dried without damage to the strength 
properties. It presents no particular manufacturing 
difficulties and stays in place quite satisfactorily. 
This species could probably be substituted in aircraft 
for spruce in spruce sizes but, as with northern white 
pine, better practice would be to redesign. 

The range extends from southern British Columbia 
to western Montana and south along the Cascades and 
Sierras to central California; the region of greatest 
importance is the Panhandle of Idaho and the adjacent 
parts of Washington and Montana. Mature trees of 
western white pine frequently reach heights of 100 to 
150 feet and diameters of 5 feet or more. 

Western Yellow Pine (Pinus ponderosa). 

Although western yellow pine is slightly heavier 
than spruce, it is also lower in its strength properties, 
being particularly deficient in shock resistance and in 
stiffness. The wood is more variable than that of the 



white pines and in consequence visual methods of 
selection are perhaps somewhat less reliable than for 
many of the other woods. Although it presents no 
serious manufacturing difficulties, and can be glued 
satisfactorily, its variability and inclination to brash- 
ness make its use as a spruce substitute in aircraft very 
questionable unless the use is based on acceptance tests, 
such as the toughness-test method. 

Western yellow pine occurs from British Columbia 
and the Black Hills southward in the Pacific and Rocky 
Mountain region to western Texas and Mexico. The 
tree attains a height of 100 to 300 feet and a diameter 
of 6 feet, and occasionally more. 

Redwood (Sequoia sempervirens). 

Redwood is considerably heavier than spruce and 
is about equal to or exceeds 6pruce in its strength 
properties. Although redwood shrinks and swells but 
little with change in moisture, it is difficult to season, 
particularly the material from the lower part of the 
tree. Redwood is somewhat more variable than many 
of the other species. The depth of the sap wood is 
relatively small. The heartwood contains compounds 
soluble in cold water, which are called extractives, and 
which may add as much as 12 or 15 per cent to the 
weight but do not increase all the strength properties 
■as a like amount of wood substance would increase 
them. This deficiency is particularly apparent in 
shock resistance. Redwood, in an unseasoned con- 
dition, exhibits strength properties (except shock 
resistance) that are generally high for its weight, but 
less increase in strength results from seasoning than 
is normal for most woods. The heartwood is very 
decay resistant. Because of variability, drying diffi- 
culties, and the likelihood of obtaining brash material, 
it appears that redwood is not a desirable spruce 
substitute in aircraft. 

The range of redwood is very limited, being con- 
fined principally to Humboldt, Mendocino, and Del 
Norte Counties of California. Average mature trees 
are from 200 to 300 feet in height and from 8 to 12 feet 
in diameter. Much larger trees are not uncommon. 

Black Spruce (Piceamariana). 

Black spruce is slightly heavier than Sitka spruce, 
but is similar in strength. The trees attain a height 
of 40 to 80 feet and a diameter of 1 to 2 feet. The 
supply is not large and, since the quantity of clear stock 
in suitable sizes is small, the specios is not of enough 
importance commercially to warrant consideration 
for aircraft use. 

Engelmann Spruce (Picea engelmannii). 

Engelmann spruce, as found in the Rocky Mountain 
region of the United States, is much fighter than Sitka 
spruce and is very decidedly lower in its several 
strength properties. This material, if considered at 
all for aircraft, would necessitate redesign, which would 



AIRCRAFT WOODS: THEIR PROPERTIES, SELECTIOX, AND CHARACTERISTICS 



499 



involve beam sizes considerably larger than those 
required for Sitka spruce. There is evidence, however, 
that Engelmann spruce is one of the species that show 
a difference in properties for different parts of their 
ranges. Material from the more favorable sites in 
British Columbia appears to be much denser and higher 
in strength than that from the lower Rocky Mountain 
region, and appears to be very similar to Sitka spruce 
in these properties. As the necessity for substitutes 
for Sitka spruce in aircraft develops, special considera- 
tion can well be given Engelmann spruce from the 
more favorable part of its range and studies should 
be made to appraise its suitability more definitely. 

The range is from Yukon and British Columbia to 
southern Oregon and through the Rocky Mountains 
into New Mexico and Arizona. The tree is usually 
from 60 to 100 feet in height, although at high altitudes 
it may resemble a mere shrub. The diameter ranges 
up to about 36 inches but in most cases it is much less. 

Red Spruce (Picea rubra). 
Sitka Speuce (P. sitchensis). 
White Spruce (P. glauca) . 

Although 'these three spruces are similar in their 
properties and may be used interchangeably for air- 
craft parts, Sitka spruce, because of its large size, 
availability, and proportion of clear stock in suitable 
sizes, is far more important than red or white and is 
the chief source of supply. 

Red, Sitka, and white spruce possess excellent 
strength properties, with a high ratio of strength to 
weight. They are relatively easy to season, can be 
glued with facility, and present no manufacturing diffi- 
culties. As a result they serve very satisfactorily for 
the highly stressed parts of aircraft frames and find 
extensive use in wing beams. They are considered 
the standard of comparison for suitability. 

Red spruce is found in eastern Canada and the east- 
ern United States from New Brunswick as far south as 
North Carolina. It reaches a height of 70 to 100 feet 
and a diameter of 2 to 3 feet. 

Sitka spruce occurs in a strip along the Pacific 
coast from northern California to Alaska and usually is 
not found more than 40 miles inland. The trees are 
ordinarily from 80 to 125 feet in height and 3 to 6 feet 
in diameter. Larger trees, which are not uncommon, 
reach a height of 180 feet and a diameter of 12 feet. 

White spruce grows from Alaska to Quebec and 
southward to Montana and West Virginia. The 
largest trees are 100 feet in height and 3 feet in diam- 
eter, but most white spruce trees are smaller. 

Tamarack (Lariz laricina). 

Tamarack is much heavier than spruce, and is ; 
higher in strength. This species would probably fur- , 
41630—31 33 



nish little clear material and need not be considered for 
aircraft use. 

CONCLUSIONS 

The chief merits of wood for aircraft construction 
are a high ratio of strength to weight; an inherent 
lightness in weight, which for a given depth of member 
permits considerable width to afford lateral stability 
against buckling; the ease with which it can be manu- 
factured and assembled, and for the same reason, 
the ease with which it may be repaired without 
special equipment; its relative cheapness; the adapta- 
bility to both large-scale and small-scale production; 
the ease with which it may be glued and spliced ; and 
the adaptability to close design, with which is included 
perfect freedom in the determination of sizes of parts, 
without the handicap of manufacturing difficulties or 
standardized sizes. 

The studies at the Forest Products Laboratory of 
standard shapes, effect of form on strength and stiffness, 
stability of thin, outstanding flanges, factors affecting 
strength, properties of different species, and methods of 
selection have yielded extensive and rather complete 
information covering the use of wood in aircraft. 
The detailed knowledge of these factors has placed air- 
plane design with wood on an excellent basis of 
reliability. 

Although relatively few species are now used in 
aircraft production, there are in addition a very consid- 
erable number from which further choice may be 
made. In general, such additional species fall into 
three classess: (1) Species that have properties and 
characteristics similar to woods now used and that 
| may be substituted directly for them (such direct sub- 
stitution may involve, in some cases, an increase in 
the minimum specific gravity limitation over that 
given in Table I) ; (2) species that may be considered 
on the basis of special design; (3) species that seem 
suitable from the standpoint of strength, but on which 
additional information relating to selection and manu- 
facture are desired. Chief among the species that may 
be considered along with red, Sitka, and white spruce 
for highly stressed parts, such as wing beams, are 
Alaska cedar, Port Orford cedar, southern cypress, 
Douglas fir, noble fir, western hemlock, northern 
white pine, Norway pine, sugar pine, western white 
pine, yellow poplar, and Engelmann spruce. 
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